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𝐸(𝑋𝑡)  Expected annual output volume of REO 
𝐸(𝐷𝑡0) Expected initial development costs 
𝐸(𝑂𝐶𝑡)  Expected operating costs in time t 
𝐷𝑡0
∗   Initial development costs estimated in feasibility study 
𝑂𝑃𝑡
∗ Operating costs estimated in feasibility study 
𝑎𝐷
∗   Accuracy of the estimation of development costs 
𝑎𝑂𝐶
∗  Accuracy of the estimation of operating costs 
𝑢 Upside change (decrease) of the price of REO 
𝑑 Downside change (rise) of the price of REO price 
𝜎 Volatility of REO price 
𝜎𝑦𝑒𝑎𝑟 Variance of yearly prices  
∆𝑡 Number of years to expiration 
𝑆𝑡  Spot price of REO at time 𝑡 
𝑥𝑡 Natural log of a spot price 𝑆𝑡 
𝜂 Mean reversion speed 
?̅? Long term average to which 𝑥𝑡 reverts 
𝑑𝑧 Standard Wiener process 
𝑆𝑡
𝑞 Individual REO price at time t 
𝑞 Number of individual REO  
𝑟𝑞 Percentage of individual REO on total REO  
𝑆𝑡
∗ TREO price weighted by ratio of individual REO at time t 
𝑟𝑖 Annual inflation rate 
𝑄  Cost for environmental damage 
𝐾  Closure cost of a REE mine 
- 19 - 
 
𝐸(𝑋𝑡
𝑐) Recycled REE in year 𝑡, 
𝑀𝑡−1  REE volume in stock in year 𝑡 − 1, 
Δ𝑡 REE volume in stock increased in year 𝑡, 
𝑤𝑡 Collection rate in year 𝑡 
𝑅𝑡
𝑐 Recovery rate in year 𝑡 
𝑋𝑡−1
𝑐  Recycled REE in year 𝑡 − 1, 
Ζ  Recycling capacity in year 𝑡 
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Abstract  
In recent years, technological innovations have resulted in manifold applications using rare 
earth elements (REEs), leading to a dramatic increase in demand for them. Because of their 
unique physicochemical properties, REEs are considered indispensable in modern industry. 
They are extensively used in new materials, energy conservation, environmental protection and 
IT devices as well as in military weapon systems. They have also significantly contributed to 
the miniaturisation of electronic components, such as, for example, cell phones and laptop 
computers. REEs are essential for green technologies such as wind turbines. They are widely 
applied in the automotive industry for catalysts, hybrid vehicle batteries, motors and generators, 
etc. (Hurst, 2010).  
Due to the similarity of the chemical characteristics of each individual REE, the production 
processes for REEs with high purity are very complex: the processing and separation can be 
technically challenging. Furthermore, the chemical extraction processes involved have 
generated severe environmental problems. Currently, the supply of REEs is concentrated in 
China. To reduce the dependence on China, many countries have started to search for alternative 
REE sources, which can be classified into “primary sources” and “secondary sources”. Many 
REE exploration projects outside China and REE recycling projects have been launched. 
However, the success of the development of these projects is impacted by various risks, such 
as political risks, technical risks, environmental risks and social risks.  
The main research aim of this thesis is to establish a model for the evaluation of REE projects 
and to provide a basis for investment decision making. In order to complete this task, an analysis 
of REE deposits and the supply chain for REEs is provided. As results, a data base of potential 
REEs project is compiled, while an overview of the supply chain for REEs and an analysis of 
risks across the supply chain are presented. In order to assess potential REE production projects, 
a new real options valuation (ROV) model using a multi-dimensional binomial lattice approach 
is developed. For the application of the new real options model, a range of risk parameters and 
the expected production output of REE products are estimated using the Monte Carlo simulation 
method.  
The application of the new real options model is presented for the evaluation of the Bayan Obo 
mine in China, the Kvanefjeld REE project in Greenland, and a REE recycling project from 
magnetic scrap.  
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Chapter 1 Introduction 
1.1. Outline of the dissertation  
The rare earth elements (REEs) are a group of 15 lanthanide elements, including scandium and 
yttrium. Because of their unique physicochemical properties, REEs are widely applied in the 
modern industry. In contrast to their denomination, REEs are not rare in natural occurrence, and 
only heavy rare earth elements (HREEs) are less common. Despite their relative abundance in 
the earth’s crust, however, they seldom occur in concentrated forms in economically exploitable 
ore deposits. Unlike common metals such as copper and iron, REEs do not occur naturally as 
metallic elements, but mostly as rare earth oxides (REOs) or other combinations due to their 
strong affinity for oxygen. The production processes for REEs with high purity is very complex: 
the processing and separation can be technically challenging due to the similarity of the physical 
and chemical characteristic of each individual REE. It requires substantial and dedicated 
mineralogical, chemical and processing expertise. Furthermore, the chemical extraction 
processes involved have generated severe environmental problems.  
From the 1960s until the 1980s, the United States was the world biggest producer of REOs. In 
the 1970s, China began to produce REEs, and rapidly became the world’s leader producer. 
Currently, China is responsible for 95 % of supply. In 2010, however, China restricted the 
production and export of REEs. Many special policies were launched to regulate rare earth 
mining and production. Some REEs, especially HREEs have been in short supply. Many 
countries such as the US and EU countries have identified REEs and particularly HREEs as 
“critical metals” due to the high risk of supply shortages and associated impacts on the economy 
(U.S Department of Energy, 2010, European Commission, 2014). They have started to search 
for alternative REE sources from new deposits outside China (“primary sources”) and from 
recycling (“secondary sources”). The period 2010 to 2012 saw the development of over 200 
projects of REE exploration projects outside China. Many countries have established several 
policies and research initiatives to increase resource efficiency and to promote recycling and 
the identification of substitutes for REEs. The world’s rare earth element supply patterns are 
undergoing profound changes.  
Given this development, more and more REE end users have launched strategic initiatives to 
ensure medium- and long-term REE supply. They are linking up with REE projects through 
partnerships, joint ventures or investments. However, the development process of a new REE 
project may take many years, and would requires substantial financial investment. The 
production of REEs is subject to high risks because the technological challenges from 
exploration through production, processing and separation are relatively high. The success of a 
project is also determined by the environmental and social impacts, market fluctuations and 
policies regarding REE resources. To produce REEs economically, essential factors include not 
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only crustal abundance but also many other factors including: 1) the geological properties of 
REE deposits; 2) the metal grade in ore deposits; 3) the feasibility of exploration and mining; 
4) the complexity of processing and refining the ore; 5) technical and economic feasibility; 6) 
environmental impacts of the whole production process; and 7) potential social risks and 
confrontations with local stakeholders. While other raw materials (like copper and gold) are 
traded in a transparent commodity exchange market like the London Metals Exchange, there is 
no such exchange market for REEs, and they are commonly traded in over-the-counter (OTC) 
markets. Buyers and sellers are matched through brokers or trading platforms such as Metal 
Pages, Asian Metal and China Rare Earth. It is difficult to determine accurate spot prices and 
predict future prices. Hence, the evaluation of an REE project is becoming a difficult task for 
investors.  
For the assessment of a natural resource project, the discounted cash flow (DCF) is widely used. 
However, the DCF method neither accounts for the influence of risk factors on the development 
of a REE project, nor the flexibility of the investors (Bonduelle at el., 2003). In order to capture 
the risks over the supply chain and evaluate the value of different options investors have, the 
so-called real options valuation (ROV) model is implemented. The ROV is adapted from the 
financial options to the ‘real-world’ for making a decision under conditions of uncertainty. A 
real option is the right – but not the obligation – to undertake certain business initiatives, such 
as deferring, abandoning, expanding, staging, or contracting a capital investment project for a 
predetermined period of time (Copeland and Antikarov, 2001). The two most common methods 
of valuing financial options are the Black-Scholes model and the binomial option pricing model. 
The Black-Scholes model is presented with the formula:  
𝐶 = 𝑆𝑒−𝛿𝑇 ∗ 𝑁(𝑑1) −  𝑋𝑒
−𝛿𝑇 ∗ 𝑁(𝑑2) 
where 
𝑑1 =
𝐼𝑛(𝑆 𝑋) + (𝑟𝑓 − 𝛿 +
𝜎2
2
) 𝑇⁄
𝜎√𝑇
 
𝑑2 = 𝑑1 − 𝜎√𝑇 
where  
𝐶   Value of the call option,  
𝑆    Price of the underlying asset,  
𝑋    Exercise price,  
𝛿    Dividends,  
𝑟𝑓    Risk-free rate,  
𝜎    Uncertainty variable,  
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𝑇    Time to maturity, and  
𝑁(𝑑)   Cumulative normal distribution function.  
The Black-Scholes model is an analytical solution to the problem of valuing a European call 
option. The application of the Black-Scholes model requires several strong assumptions 
(Copeland and Antikarov, 2001). These are: 1) the option may only be exercised at maturity 
(European option); 2) there is only one source of uncertainty; 3) the option is contingent on a 
single underlying risky asset; 4) the current market price and the stochastic process followed 
by the underlying asset are known or observable; 5) the variance of return on the underlying 
asset is constant over time; 6) the exercise price is known and constant. 
The binomial option pricing model is based on constructing a binomial tree of possible future 
stock prices. This model has great flexibility and can be used for a wide range of applications. 
In the binomial model, the option is assumed to move either to a down change (d) or to an up 
change (u) (Figure 1). The binomial model assumes that with probability p, the value of the 
asset 𝑉 will go up to 𝑉𝑢, while with probability 1 − 𝑝, it will go down to 𝑉𝑢 at the end of 
one period. In the next period, the possible asset values are 𝑉𝑢
2, 𝑉𝑢𝑑, or 𝑉𝑑
2. u and d, which is 
dependent on two parameters – the volatility of the asset and the length of the time interval:  
𝑢 = 𝑒𝜎∙√∆𝑡 
𝑑 = 𝑒−𝜎∙√∆𝑡 =
1
𝑢
 
where ∆𝑡 is the time period used in the binomial tree.  
The probability p is the risk-neutral probability (pseudo possibility), which is given by:  
𝑝 =
1 + 𝑟𝑓∆𝑡 − 𝑑
𝑢 − 𝑑
 
The price of a call option in a one-step binomial model is obtained with the formula: 
𝐶 = 𝑚𝑎𝑥[(𝑉 − 𝑍) , 0] 
where  
𝐶   Value of the call option 
𝑉   Value of the asset 
Z    Exercise price  
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Figure 1: The binomial model of the changes in value of the underlying asset 
Source: Modified by the author 
The ROV model is not a new technique for natural resource investment applications, as the first 
paper applying the ROV to value a simple copper mine was published over thirty years ago by 
Brennan and Schwartz (1985). In a natural resource investment, the underlying asset is the 
natural resource and the value of the asset is based upon two variables (Damodaran, 2012): 1) 
the estimated quantity, and 2) the price of the resource. Defining the initial cost of development 
as D, and the estimated value of the developed resource as V, the profit of the investor is then 
obtained by the subtraction of the value of the asset extracted and the cost of the development. 
The potential payoffs on a natural resource option can be written as follows:  
Payoff on a natural resource investment  = V – D  if V > D 
           = 0   if V ≤ D 
 
Figure 2: Payoff from developing natural resource reserves  
Source: Damodaran, 2012 
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After Schwartz and Brennan, many researchers applied ROA in their evaluation of natural 
resources and mining projects (for example: Paddock et al. (1988), Trigeorgis (1996), Amram 
and Kulatilaka, 1999; Smith and McCardle (1999), Slade (2001), Dias (2004), Trigeorgis (2005), 
Chorn and Shokhor (2006), Cortazar (1999) (2001), Dixit and Pindyck (1994)). Within the 
literature there is a clear consensus about the ROV: it is more dynamic than the more traditional 
DCF approach because it is capable of incorporating the value of investment opportunities and 
competitive strategies in an uncertain environment.  
Despite the theoretical advantages, the ROV model is not yet widely used for the evaluation of 
mining projects. One of the reasons for this limitation is the difficulty in implementing the 
advanced mathematical and statistical concept (Blais et al., 2004). To reduce the complexity of 
the application of the ROV method, new methodologies have been developed based on 
numerical approaches, such as a binomial lattice model (Cox et al., 1979) and simulation 
techniques (Gortazar, 2001).  
Another limit of application of the Schwartz and Brennan model is that the model is based on 
a transparent commodity market. However, price uncertainty is considered to be the main risk 
in natural resources investment. It does not capture the varied risks of the production chain for 
REEs. As opposed to copper or gold markets, there is no transparent market for REEs, and there 
is also a lack of historical data for analysing price developments. REE production in countries 
outside of China has just begun, and the exploration and production risks are relatively high. In 
order to account for these deficiencies, a new model needs to be developed to assess REE 
projects.  
1.2. Objectives of the dissertation  
The overall research aim of this thesis is the evaluation of a REE project. This aim consists of 
four main objectives in this thesis: 
The first research aim is to demonstrate the characteristics of REE mineralogy, REE deposits 
and the distribution of REE occurrences. A new database on advanced REE mines, deposits and 
occurrences is to be compiled.  
The second research aim is to analyse the supply chain for REEs, which consists of extraction, 
processing, separation, application and recycling. An overview of existing methods of REE 
production processes will be provided.   
The third research aim consists of a more in-depth analysis of risks across the supply chain. 
In order to perform this task, it is important to analyse the main impact factors across the supply 
chain, covering geological properties, social & environmental criteria, market situations, as well 
as the potential for substitution and for recycling materials from end-of-life products. 
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The forth research aim is to establish a model for the evaluation of a REE project, thus 
providing a basis for investment decision making. This aim is completed in the following stages: 
- Development of a mathematical tool for assessment of promising REE projects from the 
point of view of production quantities and risks by using the Monte Carlo simulation 
approach. 
- Development of a new real option model for estimating the value of investment options into 
REE projects. 
1.3. Structure of the dissertation 
This thesis consists of 6 chapters. Chapter 1 comprises the introduction of the major objectives 
of this thesis and by presenting its structure. The structure is outlined in Figure 3. 
 
Figure 3: Outline of the concept and the structure of the thesis  
Source: Modified by the author  
Chapter 2 introduces the deposit types of REEs with some specific examples, including the 
geological setting, mineralogical setting and REE grade and tonnage of each deposit type. 
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Subsequently, the distribution of REE deposits is demonstrated. Due to the relatively low degree 
of accuracy and reliability of the resource estimates, accurate estimated figures for global REE 
resource distribution are not available. This chapter describes how a new database on advanced 
REE mines and deposits has been compiled from a variety of sources, including 
prefeasibility/feasibility studies of REE deposits, data from Geological Surveys and geological 
agencies of REE-producing countries, notably China, and published data and compilations of 
company, institute and government websites. This chapter thus provides an analysis of REE 
deposits according to their deposit type, geological setting, and size, as well as the political 
stability of the region and the environmental performance of associated extraction operations. 
Chapter 3 deals with the various aspects of the supply chain for REEs, providing a description 
of each step in the production process of REEs and their environmental impacts, as well as 
information on the main applications of REEs. First, sections 3.2 to 3.4 provide a brief overview 
of REE mining, processing methods and environmental impacts during those processes. 
Chapter 3.5 addresses the mining and processing of the major hard rock rare earth deposit: the 
Bayan Obo deposit in China, as well as placer deposits in India and ion adsorption clay deposits 
in Southern China. Subsequently, the main applications of REEs are presented, as is world 
production of REEs. As the last step in the supply chain, the possibilities for substitution and 
recycling of REEs are addressed. Finally, the criticality of the supply of REEs will be 
highlighted.  
Chapter 4 provides a more in-depth analysis of risks across the supply chain, which can be 
classified into market risks, geological and operational risks. The focus of this chapter lies on 
the identification of risk factors that could impact on the development of a REE project – 
information that is then used for the further evaluation in chapter 5.  
Chapter 5 introduces the new real options model in a multi-dimensional binomial lattice for 
estimating the value of an investment option. For application of this model, a range of risk 
parameters and expected production outputs of REEs are estimated using the Monte Carlo 
simulation method. The future prices are forecasted by a Mean Reverting method.  
Chapter 6 demonstrates how the new real options model is applied for the evaluation of a REE 
project. Three case studies are provided in this chapter: the new model is applied to the Bayan 
Obo deposit in China, the Kvanefjeld REE project in Greenland and a REE recycling project 
from magnetic scrap. The real options value is estimated for three different options: the option 
to invest, the option to abandon, and the option to abandon but with closure costs. This chapter 
also shows how the real options value changes if the key parameters – such as costs, project 
duration, and technology – should change.  
Chapter 7 summarizes all findings of the application of the real options model, and provides 
an outlook for future research.    
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Chapter 2 REE reserves and deposits 
 
2.1. Introduction and Background 
The rare earth elements (REEs) are a relatively abundant group of 15 lanthanide elements, 
including scandium and yttrium. Scandium and yttrium are also included with the REE group 
due to their similar chemical and physical properties (Table 1).  
Table 1: REEs, atomic numbers and abundances 
Element Symbol Atomic 
number  
Atomic 
weight 
Density 
(gcm-3) 
Melting 
Point (°C) 
Upper Crust 
Abundance 
(ppm)* 
Scandium Sc 21 44.95 2.989 1541 22 
Yttrium Y 39 88.90 4.469 1522 33 
Lanthanum La 57 138.90 6.146 918 30 
Cerium Ce 58 140.11 8.160 798 60 
Praseodymium Pr 59 140.90 6.773 931 8.2 
Neodymium Nd 60 144.24 7.008 1021 28 
Promethium Pm 61 145.00 7.264 1042 -- 
Samarium Sm 62 150.36 7.520 1074 6.0 
Europium Eu 63 151.96 5.244 822 1.2 
Gadolinium Gd 64 157.25 7.901 1313 5.4 
Terbium Tb 65 158.92 8.230 1356 0.9 
Dysprosium Dy 66 162.50 8.551 1412 3.0 
Holmium Ho 67 164.93 8.795 1474 1.2 
Erbium Er 68 167.26 9.066 1529 2.8 
Thulium Tm 69 168.93 9.321 1545 0.48 
Ytterbium Yb 70 173.04 6.966 819 3.0 
Lutetium Lu 71 174.97 9.841 1663 0.50 
Source: Walters and Lusty, 2010, *Taylor and McClennan 1985  
Rare earth elements are commonly divided into light rare earth elements (LREEs) – namely 
lanthanum, cerium, praseodymium, neodymium, promethium, samarium, europium, 
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gadolinium – and heavy rare earth elements (HREEs) – scandium, yttrium, terbium, dysprosium, 
holmium, erbium, thulium, ytterbium, and lutetium1.  
REEs are soft, silver-coloured metals that tanish quickly in air and have high melting points. 
The magnetic and electronic properties of REEs make them useful in many applications. REEs 
have similar physical and chemical properties, however, many of their properties change 
systematically and smoothly through the lanthanide series. One important property is called the 
lanthanide contraction, which means that the size of lanthanide cations and atoms decreases 
with increasing atomic number. Usually, REEs occur in the +3 valency in nature (in the form 
Ln2O3), but in some environments, REEs occur also in other valencies. For example, Ce forms 
Ce4+ in weathered deposits and some placer deposits, and Eu forms Eu2+ in reducing 
environments (Wall, 2013). 
In contrast to their name, REE are not rare in terms of natural occurrence (Figure 4). The 
average crustal abundance of REE is 220 ppm. They are thus more abundant than many other 
metals, such as copper (55 ppm) and zinc (70 ppm). They were termed ‘rare’ because most of 
them were discovered as oxides from rare minerals in the 18th and 19th centuries. Because of 
the chemical similarity of individual REEs, the identification and separation of all REE took 
nearly 160 years. While they are relatively plentiful in the earth’s crust, the relative abundance 
of individual REEs varies widely from cerium (64 ppm) to lutetium (0.3 ppm) (see Table 1). 
Promethium only occurs in minute quantities in natural materials because its isotopes do not 
have very long half-lives (Castor & Hedrick, 2006).  
                                                 
1 Xu (2005): Rare earth elements are sometimes divided into three subgroups: from lanthanum to neodymium are 
termed light rare earths, from samarium to dysprosium are medium REEs, and from holmium to lutetium 
(including yttrium) are termed heavy REEs (HREEs). 
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Figure 4: The abundance of the chemical elements in the Earth’s upper continental crust as a 
function of atomic number 
Source: USGS, 2002 
REEs have two unusual properties: those REEs with even atomic numbers are more abundant 
than their neighbours with odd atomic numbers; and the REEs of lower atomic numbers (LREEs) 
are more concentrated than the REEs with larger atomic numbers (HREEs). As a result, the 
LREEs are far more abundant than the HREEs. Lanthanum, cerium, praseodymium, and 
neodymium are the most abundant REEs.  
The economic extraction of REEs is strongly dependent on a number of mineralogical and 
geological factors including grade and tonnage, the REE distribution as well as the composition 
of the REE ore.  
 
2.2. Mineralogy 
REEs do not occur as individual REE compounds nor as metallic elements in nature. Due to 
their strong affinity for oxygen, they occur mostly as oxidic compounds and other combinations. 
Over 200 minerals contain > 0.01% of REEs, but only a very few are sufficiently rich in them 
and occur in such concentrations to be of economic interest. LREEs are commonly associated 
with carbonates and phosphate minerals, while HREEs are rich in oxides such as titanates, 
niobates, and tantalates, as well as some phosphates (Pecht et al., 2012). Because REEs have 
ionic radii similar to Na+, Ca2+, Th4+ and U4+, REEs usually occur together with these elements 
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in minerals (Kanazawa, 2006). Table 2 lists selected rare earth minerals which contain 
significant quantities of rare earth oxides (REOs).  
Table 2: Major minerals containing rare earth oxides 
Mineral Formula Approximate REO % 
Aeschynite-(Ce) (Ce,Ca,Fe,Th)(Ti,Nb)2(O, OH)6 32 
Allanite-(Ce) (Ce,Ca,Y)2(Al,Fe3+)3(SiO4)3OH 38 
Apatite Ca5(PO4)3(F,Cl,OH) 19 
Bastnäsite-(Ce) (Ce,La)(CO3)F 75 
Brannerite (U,Ca,Y,Ce)(Ti,Fe)2O6 9 
Britholite-(Ce) (Ce,Ca)5(SiO4,PO4)3(OH,F) 32 
Eudialyte Na4(Ca,Ce)2(Fe2+,Mn,Y) 
ZrSi8O22(OH,Cl)2(?) 
9 
Euxenite-(Y) (Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6 24 
Fergusonite-(Ce) (Ce,La,Nd)NbO4 53 
Gadolinite-(Ce) (Ce,La,Nd,Y)2Fe2+Be2Si2O10 60 
Kainosite-(Y) Ca2(Y,Ce)Si4O12CO3·H2O 38 
Loparite (Ce,La,Na,Ca,Sr)(Ti,Nb)O3 30 
Monazite-(Ce) (Ce,La,Nd,Th)PO4 65 
Parisite-(Ce) Ca(Ce,La)2(CO3)3F2 61 
Xenotime YPO4 61 
Yttrocerite (Ca,Ce,Y,La)F3 nH2O 53 
Huanghoite-(Ce) BaCe(CO3)2F 39 
Cebaite-(Ce) Ba3Ce2(CO3)5F2 32 
Florencite-(Ce) CeAl3(PO4)2(OH)6 32 
Synchysite-(Ce) Ca(Ce,LA)(CO3)2F 51 
Samarskite-(Y) (Y,Ce,U,Fe3+)3(Nb,Ta,Ti)5O16. 24 
Knopite (CaTi,Ce2)O3 na 
Source: Walters and Lusty, 2010 
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The most economically significant minerals known to contain essential or significant REEs are 
bastnäsite, monazite, and xenotime. Among these, bastnäsite is the most abundant rare earth 
mineral.   
Bastnäsite is one of carbonate-fluoride minerals, which includes bastnäsite-(Ce), (Ce, La)CO3F, 
bastnäsite-(La), (La, Ce)CO3F, and bastnäsite-(Y), (Y, Ce)CO3F. Bastnäsite can be pale white, 
tan grey, brown, yellow, or pink, with a pearly, vitreous, or greasy to dull lustre. Bastnäsite 
usually forms small rounded hexagonal or short prismatic crystals, though it can also form 
rosettes and spheres. Both massive and granular varieties have been observed (Gupta and 
Krishnamurthy, 2004). Bastnäsite occurs in vein deposits, contact metamorphic zones, and 
pegmatite and also in igneous rocks. The most important sources are carbonatites and related 
veins (Jackson and Christiansen, 1993). Bastnäsite has a concentration of approximately 70 
percent REO, and mostly of the lighter elements. Bastnäsite is a primary source of light REOs 
and is mined at the Bayan Obo deposit in China and at Mountain Pass, California in the US.  
Monazite is a monoclinic REE- and thorium-bearing phosphate: (Ce, La, Nd, Th)PO4SiO4. 
Crystals of monazite are yellow to reddish brown with a vitreous and resinous or adamantine 
lustre. Its specific gravity is 4.9 ~ 5.5 g/cm3 (Xu, 2005). Monazite contains up to 70 % REOs, 
mostly of LREEs, with 4 to 12 % thorium and some amount of uranium. Yttrium content varies 
from trace amounts to 5 % (Gupta and Krishnamurthy, 2004). Monazite occurs as an accessory 
mineral in metamorphic rocks, in igneous rocks and in certain vein deposits. However, due to 
its high specific gravity and its chemical and physical stability, it is often found in placers and 
heavy-mineral sands, such as beach placers and alluvial, stream and Aeolian deposits. Monazite 
placer deposits are found in Australia, Brazil, India, Sri Lanka, South Africa and the US. The 
most important monazite sources are beach placers. Besides monazite, beach placers contain 
other resistant heavy-minerals such as ilmenite, magnetite, rutile, and zircon. Due to its thorium 
content, monazite is radioactive.  
Xenotime is an yttrium phosphate (YPO4). It contains about 67 % REOs, mostly HREEs, and 
it usually contains uranium and thorium. The colours of xenotime vary from yellowish brown 
to reddish brown with a vitreous to resinous lustre. Less common colours include gray, salmon 
pink, and green, while its specific gravity is 4.4 ~ 4.8 g/cm3 (Xu, 2005). Xenotime occurs in 
igneous and metamorphic rocks and in pegmatites. Xenotime is an important source of HREEs 
and yttrium, but it is less abundant than monazite and occurs in fewer deposits. Examples 
include placer cassiterite deposits in Malaysia, Indonesia and Thailand, in heavy mineral sands 
in Australia and China, and also in the alluvial tin mines of Brazil (Highley et al. 1988). 
The types of rare earth mineral and the REE content in each mineral are not only crucial for the 
mining and processing operations, but also provide information about whether the deposit can 
supply the mineral needed by industry. Table 3 gives the REE distributions within these major 
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minerals. Bastnäsite contains mostly LREEs, but less than 1 % HREEs. Monazite contains both 
LREEs and HREEs, but the concentration of HREEs is also very low. In contrast, xenotime 
contains about 60 % yttrium, and HREEs make up 85 % in total.  
Table 3: Average REE content of major ore minerals (%) 
Element Bastnäsite Monazite Xenotime 
La 32 23  
Ce 50 46  
Pr 4 5  
Nd 13 19  
Sm 0.5 3 1.2 
Eu 0.1 0.01 0.01 
Gd 0.15 1.7 3.6 
Tb  0.16 1.0 
Dy  0.5 7.5 
Ho  0.09 2.0 
Er  0.13 6.2 
Tm  0.01 1.27 
Yb  0.06 6.0 
Lu  0.006 0.63 
Y  2 60.0 
Source: Sastri et al., 2003 
 
The REE contents also depend on the location. As illustrated in Table 4, the distribution of 
individual REEs in the same minerals vary from one deposit to the next.     
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Table 4: REE contents of major source minerals in different regions (%) 
 
Bastnäsite Monazite Xenotime 
 California China Eastern 
Australia  
Western 
Australia  
Florida India China Malaysia 
La2O3 32.00 27.00 20.20 23.90 17.47 23.00 23.35 0.50 
Ce2O2 49.00 50.00 45.30 46.03 43.73 46.00 45.69 5.00 
Pr6O11 4.40 5.00 5.40 5.05 4.98 5.50 4.16 0.70 
Nd2O3 13.50 15.00 18.30 17.38 17.47 20.00 15.74 2.20 
Sm2O3 0.50 1.10 4.60 2.53 4.87 4.00 3.05 1.90 
Eu2O3 0.10 0.20 0.10 0.05 0.16 - 0.10 0.20 
LREE 99.50 98.30 93.90 94.94 88.68 98.50 92.09 10.50 
Gd2O3 0.30 0.40 2.00 1.49 6.56 - 2.03 4.00 
Tb4O7 0.01 - 0.20 0.04 0.26 - 0.10 1.00 
Dy2O3 0.03 - 1.15 0.69 0.90 - 1.02 8.70 
Ho2O3 0.01 - 0.05 0.05 0.11 - 0.10 2.10 
Er2O3 0.01 1.00 0.40 0.21 0.04 1.50 0.51 5.40 
Tm2O3 0.02 - Trace 0.01 0.03 - 0.51 0.90 
Yb2O3 0.01 - 0.20 0.12 0.21 - 0.51 6.20 
Lu2O3 0.01 - Trace 0.04 0.03 - 0.10 0.40 
Y2O3 0.10 0.30 2.10 2.41 3.18 - 3.05 60.80 
HREE 0.50 1.70 6.10 5.06 11.32 - 7.93 89.50 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Source: Sastri et al. 2003 
A type of REE ore that has been recognised relatively recently is the weathered crust elution-
deposited rare earth ore (ion adsorption clay), which is found at various locations in 
Southern China. Due to its high content of HREEs and the relative ease of its mining and 
processing, it has become an important source of HREEs. This type of ore was formed by 
weathering of the rare earth-rich primary granitic or volcanic rock through physical, biological 
and chemical methods, after which the REEs were absorbed by clay minerals such as kaolinite, 
halloysite, montmorillonite, etc. (Chi and Tian, 2008). For the development of the weathered 
crust, mild, humid and rainy climatic conditions in a tectonically stable environment are most 
suitable. This type of REE ore will be described further in chapter 2.3.2.3.  
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Some other rare earth minerals are also used as sources of rare earth elements, including apatite, 
euxenite, gadolinite and brannerite. Other potential sources include apatite and allanite – a 
uranium-bearing epidote – which occurs in granites.  
 
2.3. Deposit Types and Global Distribution 
REE concentrations occur in a variety of geological environments, but their distribution in the 
natural deposits depends on several petrogenetic processes. Although there are many ways of 
classifying REE deposits2, they can be divided into two broad categories: primary deposits (or 
hard rock deposits) associated with igneous and magmatic or hydrothermal processes, and 
secondary deposits concentrated by sedimentary processes and weathering. According to the 
genetic associations, mineralogy and geochemistry of their occurrence, the deposits can be 
further subdivided within the two categories. For example, primary deposits can be further 
divided into six subtypes:  
 Carbonatite associations 
 Alkaline igneous complexes 
 Hydrothermal veins 
 Iron oxide copper gold deposits (IOCG) 
 Apatite-iron deposits (AID) 
 Black shales.  
The secondary deposits are divided into: 
 Placers and HREE sand deposits,  
 Lateritic weathering deposits, and  
                                                 
2 Neary and Highley (1984) divide these deposits into alkaline rocks and carbonatites, vein deposits, placer 
deposits, and other deposits. Lin et al. (1994) classify the REE deposits on the basis of their modes of origin into 
endogenic deposits, exogenic deposits, metamorphic deposits and composite (polygenetic) deposits. Endogenic 
deposits are further divided into subtypes based on different igneous rocks (acidic rocks, alkaline rocks, volcanic 
rocks, etc.), while exogenic deposits are differentiated on the basis of different geological processes (sedimentation, 
weathering, etc.). Wu et al. (1996) classifies REE deposits based on the type of host rocks, with the following 
subtypes: carbonatitic rocks, quartz syenite, alkali granite, alkali complexes, alkali pegmatites, metamorphic rocks, 
phosphorites, bauxite, lateritic weathering crusts, and placers. Long et al., (2010) propose a simple classification: 
peralkaline igneous rocks, carbonatite, iron-oxide copper gold, pegmatite, porphyry molybdenum, metamorphic, 
stratiform phosphate residual, paleoplacer and placer. Castor and Hedrik (2006) classify the deposits into 
carbonatite, lateritic deposits, placer deposits, HREE deposits in peralkaline igneous rocks, vein deposits and other 
deposits.  
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 Ion-adsorption clays (IACs).  
Primary sources of REEs are hard rock deposits, and especially from those deposits associated 
with carbonatite and igneous peralkaline deposits. Hard rock deposits contain mostly LREEs, 
while secondary deposits are the main source of HREEs. Because of the similar ionic radii and 
chemical behaviours of REEs, the enrichment of REEs occurs into either LREEs or HREEs by 
fractionation. However, there are very few geological environments that can enrich both LREEs 
and HREEs (Wu, 2008). The lanthanum/gadolinium (La/Gd) or lanthanum/ytterbium (La/Yb) 
ratios are an important measure of LREE and HREE occurrence.  
Figure 5 shows the major REE deposit types in a tectonic setting. A detailed description of each 
deposit type is provided in this chapter.  
 
Figure 5: Major REE deposit types in a tectonic context.  
Note: KZ – Kazakhstan, CH – China, RU – Russia, CA – Canada. The biggest deposit (Bayan Obo) is 
not indicated on this graph, because its origin is still in debate.  
Source: Chakhmouradian and Wall, 2012 
 
2.3.1  Primary deposits  
2.3.1.1 Carbonatite-associated deposits 
Carbonatites are rare igneous complexes, formed by magmatic or metasomatic processes. They 
are defined by the International Union of Geological Sciences (IUGS) as intrusive carbonate 
mineral-rich (50 %) and silica-poor (less than 20 %) igneous rocks (Long et al. 2010). The 
dominant carbonate minerals in carbonatites are dolomite, calcite or carbonates with varying 
Fe contents. Accessory minerals include fluorapatite, phlogopite, magnetite, and hematite. 
Carbonatites usually occur as plugs or as dykes, breccias and veins in stable continental regions 
generally associated with continental rift and in fault tectonic settings, such as the East African 
Rift. Some carbonatites have also been found in orogenic belts associated with continental 
collision, for example the Himalayan Mianning-Dechang (MD) REE belt (Berger et al., 2009; 
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Xu et al., 2010; Hou et al., 2009). At present, more than 500 carbonatite occurrences are known 
around the world, with most of them located in Africa (32 %), Asia (30 %) and North America 
(25 %). The main concentrations occur in the east African rift, eastern Canada, northern 
Scandinavia, the Kola Peninsula, Russia and southern Brazil (Woolley and Kjarsgaard, 2008b). 
REEs are mined in only a few carbonatite deposits. The Mountain Pass deposit in California, 
Bayan Obo in Inner Mongolia and the Maoniupin deposit in the Sichuan Province of China are 
now the primary REE sources globally.  
Carbonatites contain minerals enriched with niobium, phosphate, tantalum, and REEs. The REE 
minerals in carbonatites are the phosphates (monazite and apatite), the fluorocarbonates 
(bastnäsite, synchysite, allanite and apatite) and hydrated carbonates (ancylite) (Zaitsev et al. 
1998; Jackson and Christiansen, 1993). REE minerals mostly developed in the latter stages of 
carbonatite emplacement, and they mostly enrich LREEs.                                        
The petrogenetic evolution of carbonatite magma is not fully understood, and the REE 
enrichment mechanism is still controversial with respect to how the carbonatite and alkali 
magmas developed and how carbonate minerals crystallise (Winter, 2001)3. However, it is 
agreed that the source of REEs associated with carbonatites is mantle-derived magma. The 
initial magma intruded into the Earth’s crust and evolved through decreasing pressure and 
temperature, leading to the enrichment of REEs (Jackson and Christiansen, 1993; Verplanck et 
al., 2011). REE mineralisation can be directly associated with the magmatic crystallisation of 
carbonatite, and during later cooling, calcite can be partially replaced by other minerals, 
releasing REEs. The Mountain Pass deposit in California is an important example of this 
process. REE mineralisation is more commonly associated with hydrothermal fluids or 
weathering. The origin of the largest REE deposit in the world, Bayan Obo in China, is still a 
matter of debate with respect to whether the deposit was derived by carbonatite magmatism or 
by hydrothermal iron oxide-copper-gold (REE-uranium) mineralisation (Song et al., 2013; 
Elsner, H., 2010).    
The Mountain Pass deposit 
The Mountain Pass deposit is located in the north-east of San Bernardino County, California 
(33°29´N, 115°32´W). Its ore body lies in a belt of Precambrian metamorphic and igneous rocks 
north of the Sulphide Queen Ore body, which is the largest known mass of high-grade REE ore 
in the United States. The core Mountain Pass carbonatite is a tabular intrusion associated with 
                                                 
3 Winter (2001) P. 380: The debate focuses on these questions: “Are carbonatite and alkali magmas developed 
separately by partial melting within the mantle or do carbonatites evolve from parental alkali magmas? If 
carbonatites evolve from parental alkali magmas, then is it by fractional crystallization or by liquid immiscibility? 
At what depths does this occur? If carbonatites are derived directly from carbonatite magma, then what is the 
nature of the parental carbonatite magma?”  
- 38 - 
 
Proterozoic, ultrapotassic igneous rocks into Precambrian metamorphic and igneous rocks, 
dipping at an angle of 45° to the southwest. The ore body consists of a carbonatite sill with an 
average thickness of 75 m (Castor and Hedrick, 2008; Mariano et al., 2012). Figure 6 plotted 
the geometry of the Sulphide Queen rock mass – a combination of carbonatite and alkaline 
material. The Mountain Pass ore contains 10 – 15 % bastnäsite, 65 % calcite or dolomite, 20 – 
25 % barite, and other ancillary minerals such as siderite, quartz, fluorite, galena (Castor, 2008; 
Long et al., 2010). The primary ore minerals of Mountain Pass are bastnäsite and parisite. In 
1987, proven and probable reserves were 29 Mt with an average grade of 8.9 % REO (Castor, 
1991). The current REE reserves in Mountain Pass were estimated at 18.4 million tonnes by 
Molycorp in April 2012, with an average grade of 7.98 wt % REO and with a cut-off grade of 
5 % (Molycorp, 2012). Thorium and uranium concentrations at Mountain Pass are 0.02 – 1 % 
and 0.002 %, respectively (IAEA, 2011). The ore is extremely enriched in LREEs, while the 
major REE content is shown in Table 4 in chapter 2.2.  
 
Figure 6: Stacked cross-sections through the Mountain Pass carbonatite (grey) and the major 
associated alkaline rock mass (patterned)  
Source: Castor and Nason, 2004, modified by Castor, 2008 
Molycorp Inc. commenced mining at the Mountain Pass deposit in 1954. From 1965 to 1995, 
the Mountain Pass mine was the world’s largest source of LREEs. After 1998, the mine was 
faced with environmental compliance issues. The environmental issues involved leakage of a 
piping system for carrying wastewater to an evaporation system. About 600,000 gallons of 
wastewater had flowed onto the desert floor. The operator of the Mountain Pass mine paid more 
than 1.4 million US$ in fines and settlements (Danielski, 2009). Due to the environmental 
constraints and international competition from China, the mine was shut down in 2002, with 
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only the extraction from stockpiles resuming in 2007. In 2010, the mining of REEs began again. 
In 2015, the mine was shut down due to low REE prices. 
Bayan Obo deposit 
Bayan Obo deposit in Inner Mongolia, China, is located 146 km north of Baotou (110°E, 
41°47’N), and is currently the largest known REE deposit globally and the world’s primary 
source of LREEs. The deposit lies on the transitional zone between the North China carton and 
the Mongolian-Hercynian fold belt, formed in an extensional rifting environment in the mid-
Proterozoic period. The deposit is more than 18 km in length and 2 – 3 km wide from north to 
south. It is hosted in the Bayan Obo Group dolomite marble massif, which has been subdivided 
into five different carbonatite-rich lithologies: skarn-altered limestone, dolostone, deformed 
coarse-grained dolomite marble, fine-grained dolomite marble, and a series of carbonatite dykes 
(Yang et al., 2003; Weng et al., 2013). The major REE-Nb-iron ore bodies are hosted in the so-
called H8 dolomite4, and are termed Main ore body, East ore body and West ore body. The East 
ore body and the Main ore body are the two major sources of iron and REEs (Figure 7).  
The Main and East ore bodies occur as lenses along the east-west striking belt. As shown in 
Figure 8, both ore bodies are composed of six types of ore: 1) banded-type REE-Nb-Fe ore; 2) 
aegirine-type REE-Nb-Fe ore; 3) massive-type REE-Nb-Fe ore; 4) dolomite-type REE-Nb-Fe 
ore; 5) aegirine-type REE-Nb-Fe ore; and 6) riebeckite-type REE-Nb-Fe ore (Lai, 2013). Over 
170 minerals have been identified in the Bayan Obo deposit. The main economic minerals are 
magnetite, hematite, bastnäsite, monazite and pyrochlore. The main gangue minerals are 
fluorite, apatite and aegirine (Xu et al., 2010). The REE content of Bayan Obo ore is shown in 
Table 4 in chapter 2.2. 
 
                                                 
4 The lithologies have been divided into two parts: a lower regressive series (members H1 – H10) and an upper 
transgressive series (members H11 – H18). These two series are comprised of six formations: 1) the Dulahala 
Formation, consisting of quartzite, quartz sandstone and slate; 2) the Jianshan Formation (H4 – H5), consisting of 
slate, quartzite, quartz sandstone and some limestone; 3) the Holahuoqite Formation (H6 – H8), consisting of 
quartz sandstone, dolomite, limestone and some slate; 4) the Bilute Formation (H9 – H10), consisting of slate and 
sandstone intercalations; 5) the Baiyinbaolage Formation (H11 – H12), consisting of sandstone, siltstone and slate; 
and 6) the Hujiertu Formation (H13 – H18), consisting of limestone, quartz sandstone and quartzite. 
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Figure 7: Geological map of the Bayan Obo deposit  
Source: Yang et al. 2011 
 
 
Figure 8: The structure of the Bayan Obo deposit  
Source: Lai, 2013 
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The genesis of the Bayan Obo ore-hosting dolomite marble remains controversial. The main 
genetic models proposed include: (1) magmatic origin, arguing that the dolomite marble is a 
carbonatite intrusion; (2) hydrothermal metasomatic origin, suggesting that the host rock is of 
sedimentary origin and that the REE mineralisation derived from late-stage hydrothermal 
metasomatism; (3) volcano-sedimentary origin, proposing that the ore-hosting rock is volcanic 
sediment and that the ore minerals formed by metasomatism of mantle fluids; and (4) formation 
by multiple processes, proposing that the ore is derived of different origins (Chao et al., 1997; 
Wu, 2008; Yang et al., 2009).  
Regardless of the debates about its genesis, the Bayan Obo deposit is now the biggest source of 
LREEs worldwide. After 85 years of production, in 2012 the resources at Bayan Obo were 
estimated at 1.54 billion tonnes of iron (average grade 35 %), 2.16 Mt niobium (average grade 
0.13 %), and 91.59 Mt REOs (average grade between 5.41% and 5.18 %) (MoLRPRC, 2012). 
Maoniuping deposits in Sichuan, China 
The Maoniuping deposit is located in the northwest part of the Panxi (Panzhihua-Xichang) rift, 
about 22 km southwest of Mianning, Sichuan Province (28°33´N, 102°11´E). It lies in the 
Himalayan Mianning-Dechang belt, which is approximately 270 km long and 15 km wide, and 
is tectonically located in the eastern Indo-Asian collision zone (Hou et al., 2009) (Figure 9). 
The Himalayan Mianning-Dechang belt includes many REE deposits with total reserves of over 
3 Mt of LREEs. Among them, the Maoniuping REE deposit is the biggest one. It contains 
estimated reserves of 1.2 Mt of LREEs with an average grade of 2.89 %, and is thus the second-
largest LREE deposit in China after the Bayan Obo Deposit (Hou et al., 2009). The deposit is 
hosted in a carbonatite-syenite vein complex, which consists of pegmatite veinlets, carbonatite 
sills or dykes, and associated syenite stocks. The complex contains a number of ore bodies. The 
size of ore bodies ranges from 30 to 1,000 m in length and 4 to 90 m in thickness, while they 
extend from 60 to 350 m below the surface (Wang et al., 2001). The host carbonatites are mainly 
calcite carbonatites enriched with barium and LREEs. Bastnäsite is the main REE mineral. The 
gangue minerals are fluorite, barite, calcite, quartz, mica and aegirine-augite. Fluorite is the 
main gangue mineral occurring in the ore bodies (Xu et al., 2004).  
The Maoniuping deposit might have been formed by Cenozoic Himalayan continental orogeny, 
with REEs having been enriched by hydrothermal fluids mainly derived from carbonatite and 
syenite melts (Huang et al., 2007; Hou et al., 2009). The mineralisation can be divided into four 
stages: the orthomagmatic stage, the residual magma–pneumatolytic stage, the hydrothermal 
stage, and the supergene oxidation and leaching stage. 
Geological work on the area was begun in the early 1960s by the Sichuan Bureau of Geology 
and Mineral Resources. Since 1985, an exploration project on the deposit has being undertaken 
by the No. 109 Geological Party. In June 2008, Jiangxi Copper Corp. obtained rare earth mineral 
mining rights in Maoniuping to explore the mine. 
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Figure 9: Geological sketch map of Maoniuping district, Sichuan province 
Note: 1 – middle devonian series, 2 – rhyolite, 3 – purple alkali-feldspar, 4 – grey alkali-feldspar granite, 
5 – graphic alkali-feldspar granite, 6 – nordmarkite, 7 – alkali-granite porphyry, 8 – the ore body and 
its number 
Source: Hou et al. (2009) 
 
2.3.1.2 Deposits associated with alkaline igneous rocks 
Alkaline igneous rocks are defined as igneous rocks with a high content of sodium and 
potassium as opposed to silicon and aluminium, i.e. their agpaitic index ((Na + K)/Al) is greater 
than unity (Salvi et al., 2005; Wall, 2013), with variants termed ‘peralkaline’ and ‘agpaitic’. 
Alkaline igneous rocks have extreme degrees of enrichment with high-field strength elements 
(HFSE) 5  e.g. zirconium, titanium, yttrium, niobium and REEs. Similar to carbonatite, 
peralkaline igneous rocks are formed by the intrusion of magmas generated by deep and low-
degree partial melting of the mantle. They are usually located in stable cratonic and anorogenic 
regions. Many REE deposits associated with peralkaline rocks occur in large, layered 
complexes, while some of them occur in veins or dykes within the peralkaline intrusion body 
(Verplanck et al., 2010). REE mineralisation associated with peralkaline intrusion may be 
formed in the primary phases of the original crystallisation of the magma, or in the later stages 
of hydrothermal alteration (Salvi et al. 2005; Wall, 2013). Important REE minerals include 
                                                 
5 Walters and Lusty (2010): HFSE are elements which are not readily incorporated into the structures of common 
rock-forming silicate minerals during crystallization of an igneous rock. The formation of HFSE mineralisation in 
alkaline rocks is poorly understood. It is generally agreed that the initial enrichment of HFSE results from 
magmatic processes. 
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eudialyte, loparite, xenotime, monazite and bastnäsite. REE deposits associated with 
peralkaline rocks are typically relatively low-grade and enriched in HREEs and yttrium (Castor 
and Hedrick, 2006).  
The typical examples of this peralkaline-
associated deposit include the Khibina & 
Lovozero complex in Russia; the Nechalacho 
(Thor Lake) and Strange Lake deposits in 
Canada, the Ilimaussaq alkaline complex 
(Kvanefjeld) in southern Greenland; the 
Bokan-Dotson deposit in Alaska, USA; the 
Kipawa deposit in Canada; and the Norra Kärr 
deposit in Sweden. Among them, the 
Lovozero deposit is currently the only 
peralkaline deposit being mined. Figure 10 
shows the content of individual REEs in these 
peralkaline deposits (except for the contents of 
the Khibina & Lovozero complex).  
 
Khibina and Lovozero complexes 
Khibina and Lovozero complexes in the central Kola Peninsula, Russia, are two of the largest 
layered peralkaline igneous bodies in the world, with an exposed area of 1,327 and 650 km2, 
respectively. They are two ring-shaped complexes and lie only a few kilometres apart. The 
western part of the Lovozero complex is only 5 km away from the Khibiny complex (Figure 
11). Despite the short distance, the two complexes are derived from separate intrusions. The 
Khibiny complex is a multiphase intrusion consisting of eight concentric circles of inwardly 
decreasing ages (Figure 12), and hosts the biggest nepheline syenite apatite deposits in the 
world (Salvi et al., 2005). The apatite contains 0.66 wt % of REEs – mainly LREEs. However, 
the deposits are not yet being exploited for REEs.  
The primary mineral mined is loparite, which mostly occurs as 0.2 – 0.6 mm grains and rarely 
as larger crystals. Loparite contains 38.5 % titanium oxide, 30 – 36 % REOs and 10 – 12 % 
niobium and titanium oxide. REO reserves are estimated at 3.4 million tonnes with grades of 2 
– 3%, and mostly as LREEs (28 % La, 57.5 % Ce, 3.8 % Pr, 8.8 % Nd) (Castor and Hedrick, 
2009).  
Figure 10: REEs in examplary peralkaline 
intrusion complexes  
Source: Verplanck et al., 2010 
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Figure 11: The locations of the Khibina and Lovozero complexes on the Kola Peninsula  
Note: 1 – Khibina, 2 – Lovozero  
Source: Arzamastsev et al., 2008 
 
 
Figure 12: Schematic geological map of the Khibina and Lovozero massifs  
Note: Khibina Massif: 1 – carbonatite, 2 – pulaskite, 3 – foyaite, 4 – inequigranular nepheline syenite, 
5 – massive rischorrite, juvite, and urtite, 6 – apatite-nepheline rock, 7 – ijolite and melteigite, 8 – 
coarse-grained trachytoid nepheline syenite, 9 – coarse-grained massive nepheline syenite (khibinite). 
Lovozero Massif: 10 – eudialyte lujavrite, 11 – lujavrite, foyaite, and urtite of the differentiated complex, 
12 – volcanic rocks of the Lovozero Formation, 13 – alkaline-ultramafic rocks, 14 – neoheline syenite, 
15 – peridotite. Host rocks: 16 – basaltic porphyry and dolerite (Late Proterozoic period), 17 – 
granodiorite, tonalite, and trondhjemite (Archean), 18 – dykes of alkaline rocks. 
Source: Arzamastsev et al., 2011. 
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As long ago as 1951, REE-bearing loparite was mined by the Lovozersky Mining and 
Concentrating Plant Company from nepheline syenites in Lovozero. The primary product there 
is niobium. In the 1990s, annual loparite production was approximately 30,000 tpy. The REEs 
were concentrated locally from the ore and shipped to Estonia and Kazakhstan for further 
processing. Another potential source of REEs there is eudialyte – compared to loparite, 
eudialyte is rich in HREEs: Y (22 %), Yb (2.3 %) Er (2,4 %), Dy (4.4 %), Gd (4 %) and Eu 
(1.4 %). However, the extraction of REEs from eudialyte is technologically difficult, and so far 
has not been commercially exploited (Linnen et al., 2014). The Lovozero complex also contains 
thorium, and the average thorium content is 3.5 × 10-3 wt % (Ermolaeva et al., 2007). 
Kvanefjeld (Ilimaussaq Complex) Greenland 
The Ilimaussaq igneous complex in Gardar Province in Southern Greenland contains a series 
of alkaline to peralkaline syenites and granite. The complex is 17 x 18 km in size, and it exhibits 
extreme levels of enrichment in sodium and incompatible elements: actinides, lanthanides, 
zirconium, tantalum, niobium, phosphorous and fluorine (GMEL, 2012). The Kvanefjeld multi-
element deposit at the north-western border of the Ilimaussaq igneous complex is one of the 
world’s largest sources of REEs. The primary mineral hosting the REE minerals as well as 
uranium and thorium is steenstrupine6, which is associated with lujavrite rocks. The deposit 
also contains zinc and fluorine, but the deposit has previously been explored to assess the 
potential of extracting the uranium and thorium fractions.  
The Kvanefjeld deposit belongs to the Australian company Greenland Minerals and Energy 
Limited (GMEL). In 2012, the company published the prefeasibility study according to Joint 
Ore Reserves Committe (JORC). On February 12, 2015, GMEL announced an updated JORC-
guided mineral-resource estimate for the Kvanefjeld project: measured resources at 1.73 Mt, 
indicated resources at 3.42 Mt, and inferred resources at 2.2 Mt (GMEL, 2015). The Kvanefjeld 
REE deposit is dominated by Ce (approx. 40 %), La (approx. 25 %), Nd (approx. 15 %), Y 
(approx. 10 %), Pr (approx. 5 %) and the remaining HREEs account for about 5 %. The deposit 
is essentially an outcrop, and lies within 250 m of the surface. The waste/ore ratio is relatively 
low (GMEL, 2012). 
 
2.3.1.3 Hydrothermal vein deposit 
Hydrothermal vein deposits were formed by precipitation of REE-bearing minerals from hot 
water-based solutions without any direct relationship to the emplacement of igneous rocks. 
                                                 
6 Sørensen and Lundgaard (1966): Steenstrupine with the formula Na14Ce6Mn2Fe2(Zr,Th)(Si6O18)2(PO4)73H2O, is 
named after the Danish geologist K.J.V. Steenstrup. It is basically a sodium-lanthanide phosphor-silicate, but its 
stoichiometry is not easily grasped because of the many accessories. 
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They can be as large as some of the carbonatite deposits, and are of variable grade (Wall, 2013). 
REE minerals in hydrothermal deposits usually occur with calcite, fluorite, barite, quartz and 
other minerals as ore veins intruding in carbonatite-alkaline complexes, or as fracture and cavity 
fillings, or as fine-grained disseminations overprinting earlier carbonatite minerals. Bastnäsite 
is the main REE mineral in hydrothermal deposits. There are a number of such hydrothermal 
deposits, such as Weishan deposit in China, Kangankunde in Malawi, Steenkampskraal in South 
Africa, Gakara-Karonge in Burundi, and Lemhi Pass on the Idaho-Montana border in the USA 
(Song et al., 2013). 
In the past, REEs were produced at Steenkampskraal REE deposit, which is located in the 
Western Cape Province of South Africa. In the 1950s and 1960s, more than 50,000 t of monazite 
were produced from the monazite-apatite-quartz vein at Steenkampskraal (Castor and Hedrick, 
2006). The vein strike length is about 920 m, and the average thickness varies from less than 
20 cm to greater than 10 m. Monazite is the main REE mineral, accounting for 91 % of the total 
REEs, and accompanied by apatite, xenotime, allanite, and thorite. The resource estimate for 
the Steenkampskraal mine issued in 2012 indicated 45,500 tonnes of REOs. The ore contains 
as much as 22.3 % REO with 21.4 % of LREEs and 0.86 % HREEs (GWMG, 2012). Lemhi 
Pass is essentially a thorium-vein system with associated REE mineralisation. The REE 
resources of Lemhi Pass are approximately equal to the thorium resource (Long et al., 2010).   
Weishan deposit in Shangdong, China has been mined since the 1970s. The deposit is located 
on the eastern shore of Weishan Lake, about 200 km south of Jinan City, Shandong province 
(Latitude: 34°45´N, Longitude: 117°12´E). Rare earth mineralisation in the Weishan deposit 
occurs as veins and veinlets along northwest-trending fractures and breccias zones. The largest 
vein is several hundred metres long and 0.1 to 1.1 m wide. The average REO grade of vein is 
about 1.6 % (Wu, Yuan and Bai, 1996). Veinlets are several centimetres in width and often 
comprise veinlet zones of up to 4 – 10 m in width. These veins and veinlets include baryte, 
quartz, calcite and dolomite, with small amounts of fluorite, feldspar, chlorite, muscovite, 
phlogopite, riebeckite, aegirine-augite, tremolite, diopside and epidote. The main rare earth 
mineral is bastnäsite, together with parisite, monazite, allanite, pyrochlore, britholite, calcian 
ancylite and carbocernaite (Wu, Yuan and Bai, 1996).     
 
2.3.1.4 Iron oxide copper-gold (IOCG)  
The most significant REE deposits unrelated to alkaline igneous rocks are iron oxide copper-
gold (IOCG) or Olympic Dam-type deposits. These ores are dominated by iron minerals 
(hematite and magnetite) and contain copper sulphides and many other minerals including 
quartz, apatite and REE minerals. REE concentrations are hosted by a variety of rocks ranging 
from intrusive igneous to volcanic, and by a variety of sedimentary rocks (Walters and Lusty, 
2010). A massive IOCG deposit is the Olympic Dam IOCG deposit in South Australia. This 
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deposit consists largely of a breccia-type ore containing 40 – 90 % hematite, copper, gold, silver 
and REE minerals. Currently, the deposit is mined for copper, uranium, gold and silver. 
Uranium is recovered as a by-product. Olympic Dam is also being considering as a potential 
source of REEs. According to Geoscience Australia 2013, the deposit contains about 53 Mt of 
sub-marginal and inferred REE resources. The ore is low-grade at around 0.5 % REO (Hoatson 
el at., 2011). Some researchers include the Bayan Obo iron-REE-niobium deposit in China in 
the Olympic Dam class because of its abundant iron oxides. 
 
2.3.1.5 Apatite-iron deposits (AID) 
Apatite-iron deposits containing REEs are found in many places in the world, including apatite-
magnetite ores at Kiruna, Sweden; apatite-iron ores in the Bafq-Saghand district in central Iran 
(Mokhtari et al., 2008), and the apatite-rich iron deposits of the Avnik region in south-eastern 
Turkey (Helvaci, 2004). Apatite-iron deposits can be divided into two types: 1) iron ore of the 
Kiruna type, which occur in volcanic rocks, and 2) iron ores which are connected with deuteric 
processes and / or related to intrusive rocks. The most important type is the Kiruna type. The 
REE content in these Kiruna apatite-magnetite ores is about 2,000 – 7,000 ppm. The apatite-
iron of the Kiruna ore was formed by a late-magmatic differentiation. The ore occurred during 
the time span from the Paleoproterozoic to the Tertiary period (Frietsch and Perdahl, 1995). The 
apatite-magnetite deposit at Kiruna, Sweden is an important magnetite and hematite deposit. 
Besides iron, phosphates and REEs are economically significant reserves there. REEs are 
enriched in fluorapatite, monazite–(Ce), allanite–(Ce), xenotime–(Y), LREE-bearing epidote, 
and REE fluorocarbonates (Jonsson et al., 2013). 
 
2.3.1.6 Black shales  
Black shale covers a great variety of sediments and sedimentary rocks. Due to the variety of 
possible compositions and origins, it is difficult to find a concise definition for black shale. The 
definition proposed by the US Working Group of the The International Geological Correlation 
Program’s (IGCP) project 254 is “a dark-coloured (grey or black), fine-grained (silt-sized or 
finer), laminated sedimentary rock that generally is argillaceous and contains appreciable 
carbon (> 0.5 wt %)” (Huyck, 1990; Reichenback, 1993). All black shales are linked directly 
or indirectly to high organic activity and the cycling of biogeochemical elements, most notably 
carbon, nitrogen, phosphorous, sulphur and heavy metals (Degens et al., 1986; Huyck, 1990; 
Reichenback, 1993). REEs and uranium in black shale are particularly enriched within 
phosphate-enriched black shale sections. 
An example of an REE deposit in black shale is the Buckton deposit in Alberta, Canada, which 
is developed by DNI Metals Inc. The indicated resources have been estimated at 4.5 billion 
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tonnes at 0.01 % TREO content. By-products include niobium, uranium, zinc, copper, 
molybdenum and scandium. DNI has also identified an inferred resource of 227 Mt at 0.03 % 
TREO in Buckton south zone (DNI, 2014).   
 
2.3.2  Secondary deposits 
2.3.2.1 Placer deposits 
Placer deposits contain heavy minerals with a high specific gravity and stable chemical 
character, such as ilmenite, zircon, rutile, monazite, and minor quantities of xenotime. They 
resisted weathering and erosion processes and were transported and re-deposited in rivers, 
estuarine locations or along coastlines (Jackson & Christiansen, 1993; Wall, 2014). Orris and 
Grauch (2002) identify more than 360 placer deposits worldwide. The most important placer 
deposits are marine/shoreline placers. Primary products from these deposits are titanium, 
zirconium, ilmenite, rutile, or gold. REEs are normally only mined as by-products from 
monazite and xenotime. The well-known deposits include the heavy-mineral sand placers 
occurring along the Australian coastline, the beach-sand deposits in India, the Nanshanhai 
deposit in Guangdong, China, alluvial titanium deposits in Malaysia, and Pleistocene marine 
sand at Green Cove Springs in Florida, USA. Table 5 provides a comparison of the occurrence 
of monazite in main placer deposits, while Table 6 describes the distribution of individual REEs 
in different placer deposits.  
From the late 1880s to 1960s, monazite and xenotime from placers were the primary sources of 
REEs. Indeed, the paleobeach placer deposits in Australia were one of the most important 
sources of REEs in the world. The rutile-zircon-ilmenite deposits at Eneabba in Australia 
produced about 2,500 tonnes of monazite annually in the late 1970s. The resource at Eneabba 
has been estimated at 25 to 30 million tonnes of recoverable heavy minerals, and monazite 
makes up some 0.5 % to 0.7 % (Castor and Hedrick, 2006; Hoatson el at., 2011). However, due 
to the high cost of thorium disposal, REE resources are no longer recovered from monazite in 
Australia (Hoatson el at., 2011).  
Currently, the most important source of monazite is that of the placers in India. India has 
extensive beach sand deposits containing monazite in addition to ilmenite, rutile, zircon, 
sillimanite, and garnet. The majority of the deposits occur along the southwestern coast of the 
peninsula at Manavalakurichi in Tamil Nadu, at Chavara in Kerala, and on the eastern coast in 
Orissa.  
A considerable potential paleoplacer deposit is the Elliot Lake deposit in Ontario, Canada. The 
deposit was mined primarily for uranium, while ancillary REE minerals include monazite, 
uraninite and brannerite (Castor, 2008). The REE mineralisation is contained within two 
conglomerate beds: the main conglomerate bed (MCB) and the basal conglomerate bed (BCB). 
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The MCB has more significant REE content (90 %), with mostly LREEs. The other 10 % of 
REEs remain within the uranium minerals in the BCB (PMR, 2012). In addition to Australia 
and India, monazite has been extracted as a by-product from beach deposits in Brazil, China, 
Malaysia, Sri Lanka and the United States.  
 
Table 5: Reserves of monazite and xenotime in placers  
Country  Region of 
deposit 
Occurrence Content of 
HM in the 
ore sand 
(%) 
Content of 
monazite in the 
HM- concentrate 
(%) 
Total resources 
/ reserves of 
monazite (in 
kilo tonnes) 
Being mined 
India Orissa OSCOM 20.2 4 1,860 
Tamil Nadu Coast 7 – 39  5 730 
Kerala Chavara 9 1 960  
Formerly mined 
Australia Western 
Australia 
Capel 9.3 0.3 193 
Eneabba 6.2 0.05 29  
Cooljarloo 3.1 0.2 37 
Ludlow 0.8 0.3 28 
Sri Lanka North-east 
coast 
Pulmoddai 80 0.3 11 
South Africa KwaZulu 
Natal 
Richards Bay 13.8 0.1 40 
USA NE Florida Green Cove 
Springs 
6.05 0.7 Ceased mining 
in 2004 
Production of other heavy minerals planned 
Australia Western 
Australia 
Jangardup 
South  
17.3 0.32 13 (+ 5,500 
tonnes of 
xenotime) 
Murray Basin WIM 150 4.0 1.4 580 (+170,000 
tonnes of 
xenotime) 
Madagascar Fort Dauphin QMM 4.5 – 5.5  1.49 ~1,200 
Mozambique coast Congolone 3.25 0.21 11 
Source: Elsner, 2010 
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Table 6: REE distribution in monazite for the different placer deposits  
REO Guangdong, 
China 
Florida, 
USA 
India Australia Elliot Lake, Canada 
MCB BCB 
La2O3 23 17.4 22 23.2 24.1 16 
CeO2 42.7 43.7 46 46.3 45.2 31.8 
Pr6O11 4.1 4.9 5.5 4.9 4.6 3.9 
Nd2O3 17 17.1 20 18.3 14.4 14 
Sm2O3 3 4.9 2.5 2.5 2.5 4 
Eu2O3 < 0.1 0.16 0.016 0.04 0.1 0.6 
Ga2O3 2 6.5 1.2 1.7 2 4.2 
Te2O3 0.7 0.26 0.06 0.22 0.3 0.7 
Dy2O3 0.8 0.59 0.18 0.56 1.2 3.9 
Ho2O3 0.12 0.11 0.02 0.08 0.2 0.7 
Er2O3 < 0,03 0.04 0.01 0.06 0.5 1.9 
Th2O3 Trace 0.03 Trace - 0 0.2 
Yt2O3 0.24 0.21 Trace 0.04 0.4 1.4 
Lu2O3 < 0.14 0.03 Trace - 0 0.2 
Y2O3 2.4 3.18 0.45 1.57 4.5 16.5 
Source: Hoatson et al., 2011 (modified from Mukherjee, 2007); Elliot Lake: PMR., 2012  
 
2.3.2.2 Lateritic weathering deposits 
Laterite deposits are derived from a variety of primary host rocks and formed by lateritic 
weathering. The primary REE-bearing minerals have undergone strong physical, chemical or 
biological weathering. REEs were mobilised from the breakdown of primary minerals and re-
deposited in the weathering zone as secondary minerals. Generally, warm and humid climates 
are favourable for the formation of REE weathering deposits. These deposits are typically near 
the surface (< 100 m) and contain high-grade REOs (Chi and Tian, 2008; Cocker, 2012). The 
most important weathered REE deposits are the ion adsorption deposit in Southern China and 
the lateritic deposits associated with carbonatites, for instance Mount Weld in Western Australia; 
Araxa, Brazil; and Zandkopsdrift, South Africa.  
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Mount Weld  
The Mount Weld complex lies on a Paleoproterozoic (2.0 Ga) intrusive carbonatite complex in 
Laverton, Western Australia. The carbonatite complex is approximately 3 to 4 km in diameter 
and surrounded by a 500 m-wide glimmerite alteration zone (Figure 13). The deposit has very 
high REO contents of up to 40 %, occurring mainly in REE phosphate minerals (monazite, 
apatite, synchysite) (Walters and Lusty, 2010; Hoatson el at., 2011). Gangue minerals include 
goethite and hematite, cryptomelane, dolomite, hollandite, kaulinite, magnetite, pyrochlore, 
ilmenite, rutile, etc. (Verplanck et al., 2014; Lottermoser, 1990). The REO resources are divided 
into two deposits, namely the Central Lanthanide deposit (CLD) and the Duncan deposit located 
southeast of the CLD (Figure 13). The total REE resource at CLD was estimated at 15 million 
tonnes at an average grade of 8.8 % REO, with a REO cut-off grade of 2.5 %. The REE resource 
in the Duncan deposit is 8.9 million tonnes with 4.7 % REO (Lynas, 2015). The REE resource 
estimation is presented in Table 7. 
Table 7: Estimated resources of the central lanthanide and Duncan deposits at Mount Weld 
 Million tonnes (Mt) REO Grade % 
Central Lanthanide deposit   
Measured 6.3 11.5 
Indicated 5.4 8.6 
Inferred 3.4 4.1 
Total 15.0 8.8 
Duncan deposit   
Measured 3.8 5.2 
Indicated 3.3 4.6 
Inferred 1.1 3.6 
Total 8.2 4.7 
Source: Lynas Corporation Limited, 2015 
The CLD is highly enriched with LREEs. CeC2 has the highest share (46.7 %), next by La2O3 
(25.5 %), and Nd2O3 (18.5 %), other REEs contents are very low: Pr6O11 (5.32 %), Sm2O3 
(2.27 %), Eu2O3 (0.443 %), Dy2O3 (0.124 %) and Tb4O7 (0.068 %). The REO grade in the 
Duncan deposit is lower than in the CLD. However, its HREE content in Duncan is higher than 
in CLD.  
- 52 - 
 
The high REE enrichment at Mount Weld is believed to result from leaching and removal by 
groundwater from the primary carbonatite material followed by deposition in the upper parts of 
the supergene zone. LREEs were incorporated in phosphate and alumino-phosphate minerals 
in the upper part of the weathered zone, and HREEs and Y were deposited at lower levels, 
mostly in churchite and monazite. The unweathered primary carbonatite contains 0.1 – 0.2 % 
REO (Lottermoser, 1990; Castor and Hedrick, 2006). The contents of thorium and uranium in 
the regolith are lower than in placer deposits. The average concentrations of thorium and 
uranium are 0.075 % and 0.003 %, respectively. The maximum thorium concentration is 0.18 % 
(IASA, 2011). The Mount Weld deposit is mined by Lynas Corporation. The ore is concentrated 
onsite and is shipped to the Lynas Advanced Materials Plant (LAMP) in Kuantan, Malaysia for 
further processing.  
 
Figure 13: Geological map and cross-section of the Mount Weld carbonatite REE deposit  
Source: Hoatson, Jaireth, and Miezitis, 2011 
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2.3.2.3 Ion adsorption clays (IACs) 
Ion adsorption clay deposits are a specific kind of rare earth ore in Southern China. This type 
of deposit was first discovered as a novel-type exogenous rare earth ore in Jiangxi province in 
1969. They are characterised as being of high REO content with low radioactivity, and are 
easily exploitable with simple processes for leaching out the REEs. IACs are distributed in an 
area of northerly latitude 22° – 29° and east longitude 106°30´ – 110°40´, and the densest area 
is at a northerly latitude of 24° – 26° in Jiangxi, Fujian, Guangdong, Hunan, Guangxi and 
Yunnan provinces. Among these, 90 % of the known ion absorption deposits are located in 
Jiangxi province. This area has a tropical and subtropical climate, is muggy, damp, and rainy, 
and has good plant cover. Therefore, humic acid speeds up the decomposition of original rocks 
in the weathered crust. As a result, the REE concentration in the weathered crust is many times 
higher than in the original rocks – generally by a factor of ten in the rich ore blocks. IACs are 
located mostly in hilly country where the elevations are lower than 550 m.  
 
Figure 14: Distribution and mineralisation of ion adsorption clay deposits in China  
Note: 1 – Xunwu, Jiangxi, 2 – Longnan, Jiangxi  
Source: Bao and Zhao, 2008 
These deposits occur as a result of the lateritic weathering of granites. The most common host 
rocks of these deposits are the granites, which intruded extensively during the Yanshanian, 
Variscan-Indosinian, and Caledonian movements (195 – 30 million years ago) (Kanazawa, 
2006). The REE-bearing minerals include monazite, allanite, xenotime, zircon, bastnäsite and 
gadolinite, and parisite. They can be classified into three groups: 1) strongly resistant to 
weathering (xenotime, zircon); 2) moderately resistant to weathering (fergusonite, monazite, 
allanite); 3) weakly resistant to weathering (bastnäsite, parisite, and gadolinite) (Bao and Zhao, 
2008). The minerals that were weakly resistant to weathering were broken-down by weathering 
and released positive REE ions, which were leached into aqueous bodies with hydroxyl and 
absorbed by kaolin and other clay minerals on the surface (Chi et al., 2005). 
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The weathering crusts are divided into four layers from top to bottom based on mineral 
assemblages. 1) An upper layer of colluviums and soil: 0 – 2 m thick; 2) a whole weathered 
layer enriched in REEs: 5 – 10 m thick with kaolinite, quartz and mica; 3) a semi-weathered 
layer: 3 – 5 m thick with kaolinite and sericite; and 4) a weakly weathered layer with the same 
mineral compositions as the host rock. REE contents vary in different layers: 2) > 3) > 1) > 4). 
The sizes of the ion adsorption deposits are generally small, i.e. in the range of 3,000 – 12,000 
tonnes, with low grades between 0.03 – 0.3 % total REO (Chi and Tian, 2008). 
The REE composition in the ion adsorption deposits vary widely in different locations. 
According to the relative content of the ion adsorption phase and the mineral phase, the ion 
adsorption deposits can be divided into the following five types: 1) HREEs with high yttrium; 
HREEs with medium yttrium; 2) LREEs rich in lanthanum and europium; 3) LREEs with 
medium yttrium and low europium; 4) LREEs with high europium and 5) non-selective 
partitioning. Table 8 illustrates the compositions of LREEs and HREEs in each of the ore types. 
Figure 15 explores the REE composition of these ore types. Ion adsorption clays tend to be 
enriched with yttrium and HREEs and are depleted in cerium, whereas Xunwu rare earth ore is 
relatively well enriched with LREEs. Typical deposits in Jiangxi province include the HREE 
deposit in Longnan, the LREE deposit in Xunwu7, and the REE deposit in Xinfeng, with 
average levels of yttrium but rich in europium.  
Table 8: REE composition in different ion adsorption ore types (%) 
Grouping REO Muscovite 
granite 
Biotite 
granite 
Granite-porphyry Biotite 
granite 
Two-mica 
granite 
  HREE ore 
rich in Y 
HREEs 
with 
medium 
Y 
LREEs rich 
in Eu and 
with 
medium Y 
LREEs 
rich in La 
and Eu 
LREEs 
ore with 
medium 
Y 
Non- 
selective 
partitioning 
ore 
LREEs La2O3 2.10 8.45 20.0 29.84 27.36 13.09 
 CeO2 < 1.0 1.09 1.34 7.13 3.07 1.30 
 Pr6O11 1.10 1.88 5.52 7.41 5.78 4.87 
 Nd2O3 5.10 7.36 26.00 30.18 18.66 13.44 
 Sm2O3 3.20 2.55 4.50 6.32 4.28 4.04 
 Eu2O3 < 0.3 0.20 1.10 0.51 < 0.30 0.23 
                                                 
7 Castor & Hedrick (2006): Xunwu is relatively enriched in lanthanum. Both of Longnan and Xunwu deposits 
have relatively low cerium contents, suggesting deposition from REE-bearing groundwater with depleted cerium 
that results from the element’s insolubility in the oxidized (Ce+4) state. 
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Subtotal LREEs 12.8 21.53 58.48 81.44 59.39 36.97 
HREEs Gd2O3 5.96 6.75 4.54 4.21 4.37 5.05 
 Tb4O7 1.13 1.36 0.56 0.46 0.70 1.17 
 Dy2O3 7.48 8.60 4.08 1.77 4.00 7.07 
 Ho2O3 1.60 1.40 < 0.30 0.27 0.51 1.07 
 Er2O3 4.26 4.22 2.19 0.88 2.26 3.07 
 Tm2O3 0.60 1.16 < 0.30 0.13 0.32 1.47 
 Yb2O3 3.34 4.10 1.40 0.62 1.97 1.98 
 Lu2O3 0.47 0.69 < 0.30 0.13 < 0.30 0.47 
 Y2O3 62.9 49.88 25.89 10.07 26.36 41.68 
Subtotal HREEs 87.47 78.46 39.57 18.54 40.79 63.03 
Source: Chi and Tian, 2008 
 
 
Figure 15: REE composition of the ion adsorption clay deposits in Jiangxi Province  
Source: Elaborated by the author according to the data of Chi and Tian, 2008 
Similar IAC deposits are also found in South America and in Africa, and are located in similar 
sub-tropical weathering areas to those depicted in Figure 16. Exemplary deposits are the 
Chambe Basin REE project in Malawi and the Serra Verde project in Brazil. The Chambe Basin 
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REE project was developed as a joint venture between Gold Canyon and Japan Oil, Gas and 
Metals National Corporation (JOGMEC). At the time of publishing this thesis, an estimate of 
the REE mineral resource in Chambe Basin was not yet available. The REOs of the Serra Verde 
deposit occur in a shallow clay-bearing saprolite produced by granite weathering. The REE 
resource is estimated at 178 Mt at a grade of 0.16 % (Rocha et al., 2013).  
 
Figure 16: Favourable area of ion adsorption clay formations 
Source: Papangelakis and Moldoveanu, 2014 
A clay deposit has been also identified in Québec, Canada: the Grande-Vallée deposit – a large 
aluminous clay deposit owned by Orbite Aluminae. The aluminous mudstone containing REE 
is composed of kaolinite and probably gibbsite or boehmit (Sappin and Beaudoin, 2015; Doran 
et al., 2012). The main product of Orbite is alumina. The concentration of REEs is relatively 
low, REEs can be recovered as by-product (Doran et al., 2012). 
 
2.4. Global distribution of REE resources  
2.4.1 Global distribution of REE deposits and world reserves 
The most important source about the occurrence of REE deposits is the publication of Orris and 
Grauch of the USGS, which was issued in 2002. This database provides the most 
comprehensive information about more than 799 REE occurrences worldwide, which are then 
divided into 12 different deposit types:  
 carbonatites  
 carbonatites with residual enrichment 
 alkaline igneous complexes 
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 hydrothermal iron-oxide deposits 
 deposits hosted by metamorphic rocks 
 shoreline placer deposits 
 alluvial placer deposits 
 paleoplacers 
 ion adsorption weathering crusts 
 phosphorites 
 uranium deposits 
 “Other”, a miscellaneous and unknown deposits category.  
There are 348 occurrences of primary origin and 369 occurrences of secondary origin in the 
world. Numerically, placer deposits are greater in number, and they occur mostly on placer 
shorelines (260) (Figure 17). These occurrences are located in 76 countries. Most of the 
deposits are located in the United States and China (100), followed by Australia, Brazil, Canada, 
Russia and India (Figure 18). The greatest number of placer deposits is found in Australia, 
followed by the USA, Brazil, China, Vietnam, Thailand and India.  
 
Figure 17: Number of deposits with respect to the type of deposit  
Source: Compilation by the author based upon data from Orris and Grauch, 2002 
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Figure 18: Number of deposits with respect to their location  
Source: Compilation by the author based on data from Orris and Grauch, 2002 
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resources/reserves of Economic Demonstrated Resources (EDR) in Australia (Miezitis, 2010). 
In 2015, the reserves of the United States were revised to include only when the reserves 
compliant with recognized standards. The reserves of the United States reduced therefore from 
13 Mt to 1.8 Mt. The reserves of the Commonwealth of Independent States (CIS) did not change 
from 2008 to 2012. In 2013, the reserves of the CIS were revised to be included into the category 
“other countries”. Brazilian reserves were updated based on data published by the 
Departamento Nacional de Produção Mineral (DNPM).  
 
Figure 20: Estimates of global REE reserves from 2005 to 2016 
Source: Modified by the author based on the estimation of the rare earth reserves by the USGS (Hedrik, 
2006 – 2009; Cordier, 2010 – 2012; Gambogi, 2013 – 2016) 
It is important to recognise that there are different national definitions of resources and reserves. 
Therefore, it is difficult to compare different national and resource statistics of rare earths. The 
following chapters will provide a brief description of REE reserve distribution in the major 
REE-producing countries: China, Brazil, the USA, Australia, India, and Canada. They will also 
describe the relevant reserve and resource classification systems.  
Reserve and Resources System  
In general, the size, tonnage and grades of a deposit cannot be known exactly before extensive 
exploration. The deposits size is usually proven to be significantly larger than what is actually 
exploitable. Therefore, resource estimates are important for countries as well as mining 
companies to assess the quantity and value of the occurrences present. The assessment is based 
on a system of reserve/resource classification. Many countries now require that exploration 
results, mineral resources and reserves be reported according to internationally accepted code, 
such as the Joint Ore Reserves Committee (JORC) code in Australia and the Canadian Institute 
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of Mining, Metallurgy and Petroleum (CIM) reporting standard referred to as the National 
instrument (NI) 43-101. Collectively, these standards are termed the Committee for Mineral 
Reserves International Reporting Standards (CRIRSCO) Standards. CRIRSCO represents 
national reporting organisations in Australia, Canada, Chile, South Africa, USA, UK and 
Western Europe. Each of the member countries has developed national guidelines that follow 
the principles of a CRIRSCO template. Figure 21 shows the relationship between ‘Exploration 
Results’, ‘Mineral Resources’ and ‘Mineral Reserves’. It sets out the framework for classifying 
tonnage and grade estimates to reflect different levels of geological confidence and different 
degrees of technical and economical evaluation.   
 
Figure 21: Relationship between Exploration Results, Mineral Resources and Mineral Reserves 
Source: ICMM, 2012; SEC, 2012 
Exploration results are precursors to defined mineral resources, and are often data points such 
as drill-hole intercepts or geochemical sampling operations that are insufficient to estimate the 
volume, tonnage or grade of mineralisation.  
A mineral resource “…is a concentration or occurrence of solid material of economic interest…” 
– in this context, the rare earth – “…in or on the Earth’s crust in such form, grade or quality and 
quantity that are reasonable prospects for eventual economic extraction. The location, quantity, 
grade or quality, continuity and other geological characteristics of a mineral resource are known, 
estimated or interpreted from specific geological evidence and knowledge, including sampling.” 
(ICMM, 2012). Mineral resources are sub-divided into inferred, indicated and measured 
categories by increasing geological knowledge and confidence. 
A mineral reserve “…is the economically mineable part of a measured and/or indicated mineral 
resource. It includes diluting materials and allowances for losses, which may occur when the 
- 62 - 
 
material is mined or extracted and is defined by studies at pre-feasibility or feasibility level as 
appropriate that include application of modifying factors” (ICMM, 2012). Mineral reserves are 
sub-divided in order of increasing confidence into probable and proven mineral reserves. In the 
context of rare earth elements, the location of the ore bodies and the quantity and quality of rare 
earth-bearing materials are already known. All modifying factors (economic, mining, 
metallurgical, marketing, social, environmental, legal and governmental) must be demonstrated 
in pre-feasibility and feasibility studies at the time of reporting. 
China established its own reserve and resource system. The Chinese Ministry of Land and 
Resource (MLR) publishes the country’s reserve and resource data yearly. Similar like 
CRIRSCO classification minerals are divided into resources and reserves. The mineral 
classification in China is illustrated in Table 9. Reserves are divided into proved extractable 
reserves (code 111), probable extractable reserves (code 121), and basic reserves (code 122). 
The discovered mineral resources are divided into measured, indicated, and inferred (China 
National Mineral and Technical Control Bureau, 1999).  
Table 9: Chinese Reserves and Resource Classification 
Geological Assurance 
Classification and 
Type Degree of 
Economic Viability 
Total Identified Mineral resources Undiscovered 
Resources 
Measured  Indicated  Inferred Reconnaissance 
Economic Proved Extractable 
Reserves (111) 
 
Basic Reserve (111b) 
Probable Extractable  
Reserve (121) 
Probable 
Extractable Reserve 
(122) 
 
Marginal Economic Basic Reserve (2M21) Basic Reserve 
(2M21) 
Sub-marginal Resources (2S11)  
 Resources (2S11) Resources (2S12)  
Intrinsic Economic Resources (331) Resources (332) Resources (333) Resources (334)? 
Note: The codes used in the table indicate the degree of economic viability: 1 – economic, 2M – marginal 
economic, 2S – sub-marginal economic, 3 – intrinsic economic, ? – economic interest undefined; The 
second digital number indicates phases of feasibility assessment: 1 – feasibility study, 2 – pre-feasibility 
study, 3 – geological study; the third digital number indicates geological assurance: 1 – measured, 2 – 
indicated, 3 – inferred, 4 – reconnaissance, b – before the deduction of extractable quantities lost in the 
process of designing and mining  
Source: General Administration of Quality Supervision, Inspection and Quarantine of the People’s 
Republic of China (AQSIQ), 1999.  
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China 
China is rich in rare earth elements, and in both LREE and HREE resources. There are four 
main belts of rare earth mineralisation in China: 1. The Inner Mongolian belt; 2. The Fujian, 
Jiangxi – Guangdong, Guangxi – Hunan belt; 3. the Hubei – Sichuan belt; and 4. The Southeast 
China beach placer belt (Gupta and Krishnamurthy, 2005). The distribution of rare earth 
resources in China is described as “North light, South heavy”. It means that the LREE resources 
occur mainly in Northern China (Inner Mongolia, Sichuan and Shandong provinces), while 
most HREE resources are found in the south of China. The regional distribution is shown in 
Figure 22.  
The world’s largest rare earth mine, Bayan Obo in Inner Mongolia, holds 83 % of the reserves 
in China, followed by Shandong province at 8 %, and Sichuan province at 3 %. They are all 
carbonatite deposits. Seven southern provinces, namely Jiangxi, Guangdong, Fujian, Guangxi, 
Hunan, Yunnan and Zhejiang, hold only 3 % of the country’s reserves in total, but the most 
valuable HREEs. REEs in the Fujian, Jiangxi – Guangdong, Guangxi – Hunan belt occur mostly 
as ion adsorption clays, with 36 % in Jiangxi province. The deposits are lateritic zones 
containing bastnäsite, synchysite and allanite. The southeast China beach placer belt along the 
coastal areas of Guangdong province contains few placer deposits. The main REE minerals are 
monazite and xenotime. The distribution is presented in Table 10.  
 
Figure 22: Rare earth resource distribution in China  
Source: Wübbeke, 2013 
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Table 10: Distribution of rare earth reserves in China and deposit types by province 
 Prospective 
reserves in 
Mt REO 
Industrial 
reserves in 
Mt REO 
Share of 
total 
reserves  
Deposit type Main REE 
minerals 
Grade %  
Inner Mongolia > 135 43  84 % Carbonatite Bastnäsite, 
Monazite 
6 % 
Shandong > 13 4  8 % Carbonatite Bastnäsite  
Sichuan > 5 1.5  3 % Carbonatite Bastnäsite  
South China > 50 1.5*  3 %    
Jiangxi  0.54 -  IAC -  
Guangdong  0.50 -  Placer Monazite, 
Xenotime  
0.5 – 1.0 % 
Fujian  0.22 - IAC   
Guangxi  0.15 - IAC   
Hunan  0.06 - IAC   
Yunnan & 
Zhejiang 
 0.03 - IAC   
Other 4 1.5 3 % -    
Total > 206.7 52 100 %    
* Industrial reserves in South China consist of the industrial reserves in six provinces: Jiangxi, 
Guangdong, Fujian, Guangxi, Hunan, Yunnan and Zhejiang 
Source: modified from Wübbeke, 2013, Ma, 2012 
 
Brazil  
According to estimates from the Departamento Nacional de Produção Mineral (DNPM) in 2013, 
Brazil is estimated to hold around 22 Mt of rare earth reserves. Reserves of two hard rock 
deposits in Araxá have been estimated at 14.2 Mt and 7.73 Mt in REOs – with rare earth oxide 
contents of 3.02 % and 2.35 %, respectively – and one deposit in Itapirapuã Paulista at 97,960 
tonnes with 4.89 % of REOs (DNPM, 2013). 5 % of the reserves occur in a range of marine 
alluvial deposits and stream placers extending from the northern border of the state of Rio de 
Janeiro over the state of Espirito Santo to the state of Bahia on the Atlantic coast. Monazite 
deposits also occur in the state of Parana. The crude mineral sand of Brazil contains around 10 % 
of heavy-minerals, of which between 10 and 15 % is monazite. Other reserves are found in 
Presidente Figueiredo and contain around 2 Mt xenotime with 1 % yttrium, and in Catalan, 
which is a deposit owned by VALE with mineable reserves of 32.8 Mt and with an average 
grade of 8.4 % of REOs, and lower levels (around 0.01 %) of uranium and thorium (Andrade, 
2013). 
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USA  
The major REE occurrences in the United States are found in carbonatites, alkaline igneous 
complexes, iron ore deposits associated with magmatic hydrothermal processes and placers 
(Long et al., 2010). They occur in Florida, South Carolina, Idaho, Georgia, Alabama, Virginia, 
Wyoming, California, and Alaska. Many of the resources are unclassified. Their resource 
estimates are obtained by inference from surface exposures of mineralisation with little or no 
drilling. Only one deposit – Mountain Pass in California – has a reserve estimate that was 
assessed with sufficient drilling, and pilot plant scale metallurgical testing (Long et al., 2010). 
Besides the primary deposits, there are placer deposits in the United States, including fluvial 
placers and marine placers. The main REE mineral is monazite, and it occurs with ilmenite, 
zircon, magnetite, and other minerals in these deposits (Jackson and Christiansen, 1993). Beach 
sand deposits at Green Cove Springs, Florida, have been important in REE production. From 
1952 to 1994, approximately 500 tonnes of monazite were produced as a by-product of 
titanium-zircon production there. In the 1950s, REE minerals were produced from placers in 
Idaho. Some placers in northern Idaho contain xenotime. REEs are a possible by-product of 
gold mining. The yttrium-bearing mineral euxenite occurs in a placer deposit at Bear Valley, 
Idaho, and contains an estimated 10,000 tonnes of REO with niobium and tantalum (Castor and 
Hedrick, 2006). 
 
India 
India contains both hard rock and placer REE deposits. The concentration of rare earth minerals 
in hard rock occurs in carbonatite, syenites, albitites, granites, pegmatites, apatites and 
phosphorites. A large REE concentration occurs in pegmatites in the states of Bihar, Rajasthan, 
and Andhra Pradesh, and in hydrothermally altered formations in Rajasthan, Tamil Nadu and 
Gujarat (Gupta and Krishnamurthy, 2005). The most important rare earth deposits of India are 
the beach sand deposits. The current estimates of monazite resources were published in Indian 
Minerals Year Book 2013 (Table 11). The total resources of monazite were estimated at 11.93 
Mt. 
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Table 11: Resources of Monazite in India (including indicated, inferred and speculative categories)  
State Resources of Monazite (Mt) 
Andhra Pradesh 3.72 
Bihar 0.22 
Kerala 1.90 
Odisha 2.41 
Tamil Nadu 2.46 
West Bengal 1.22 
Total 11.93 
   Source: Government of India Ministry of Mines Indian Bureau of Mines, 2015 
 
Australia 
Rare earth reserves in Australia were estimated in 2010 at 1.65 Mt of economic demonstrated 
resources (EDR), 0.37 Mt of paramarginal resources, and 34.48 Mt in the submarginal resource 
category (Miezitis, 2010). There is a further 24.56 Mt in the inferred resources category.  
Many rare earth projects are well advanced with their development phases: for instance, the 
Mount Weld (WA), Nolans Bore (NT), and Dubbo Zirconia (NSW) mines. Furthermore, the 
Mount Weld mine started production in 2010.  
Very significant resources of REE are contained in the monazite component of heavy-mineral 
sand deposits in Australia. Such deposits are usually mined for ilmenite, rutile, and zircon. 
Geoscience Australia estimates Australia’s monazite resources to be in the order of 6.1 million 
tonnes (Miezitis, 2010). They could hold a REO resource of around 3.65 million tonnes. 
However, the extraction of REEs from monazite is currently not viable due to the high content 
of thorium and uranium in the monazite, and because the costs involved in the disposal of 
thorium (Th) are very high.  
Submarginal and inferred resources in the Olympic Dam iron oxide-copper-gold deposit in 
South Australia are currently not economic for extraction. Small quantities of scandium (4,620 
tonnes of submarginal and 1,690 tonnes of inferred Sc) were also reported in 2010. In addition, 
about 4,160 tonnes of paramarginal resources and 51,980 tonnes of inferred scandium resources 
were reported as REEs (Hoatson el at., 2011). 
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Canada 
Canada is one of the seven major rare earth element-rich countries in the world. According to 
Orris and Grauch (2002), there are 46 rare earth occurrences in Canada. Canadian government 
officials have identified 11 REE exploration projects in their advanced stage (Natural Resources 
Canada, 2014). In Quebec, there are four REE exploration projects, including 1) the Zeus 
Project of Matamec Explorations (with the indicated resources of 12.47 Mt at 0.512 % rare 
earth oxides (REO), 0.913 % ZrO2, and the inferred resources of 3,8 Mt at 0.463 % REO and 
0.912 % ZrO2); 2) the Montviel project of GéoMégA Resources (with the indicated resources 
of 183.9 Mt at 1.45 % REO and the inferred resources of 66.7 Mt at 1.46 % REO; 3) the Eldor 
Project in the Asharm Zone (with the inferred resources of are estimated at 117 Mt at 1.74 % 
REO, and 0.04 % Y2O3); 4) an yttrium–beryllium–zirconium deposit at Strange Lake, northeast 
of Nain on the Quebec-Labrador border, is hosted by peralkaline granite. It contains huge 
quantities of rare earths in addition to Zirconium, niobium and tantalum. The current estimate 
of the reserve is 36.4 Mt at 1.16 % TREO and 2.17 % ZrO2, with 0.24 % Nb2O5 (Sappin and 
Beaudoin, 2015). A specialty metals deposit at the Nechalacho project at Thor Lake, 130 km 
southeast of Yellowknife in the Northwest Territories, contains rare earths, zirconium, niobium 
and tantalum. According to the technical report NI 43-101 (2011), the proven mineral reserves 
is estimated at 14.54 Mt contain 1.53 % REO, 0.40 % HREO, 2.90 % ZrO2, 0.38 % Nb2O5, and 
0.04 % Ta2O5 (Cox et al., 2011).  
REEs occur with uranium in the uranium deposit known as the Eco-Ridge project at Elliot Lake, 
Ontario (see chapter 2.3.2.1). The REE production in Grande-Vallée is expected as a by-product 
of alumina production (see chapter 2.3.2.3). 
 
2.4.2 REE mines and advanced projects   
Despite the complexity of the publication of Orris and Grauch (2002), the data about the 
occurrences is no longer up to date. The accuracy and reliability of the resource estimates are 
different, and depend on the degree of exploration undertaken. The economic viability of these 
resources can only be reliably assessed based on sufficient drilling and metallurgical testing. 
Next to this publication, a new database on advanced REE mines, deposits and occurrences has 
been compiled from a variety of sources, including prefeasibility/feasibility studies of REE 
deposits, reports from Geological Surveys and geological agencies of REE-producing countries 
(notably China), published data and compilations, and company, institute and government 
websites. Predominant REE deposits have been formally defined as a mineral resource or 
reserve under the guidelines of JORC/NI 43-101/SAMREC codes. The new database provides 
comprehensive information about more than 246 REE deposits according to the following 
characteristics:  
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 deposit type  
 name of the deposit  
 ownership of the deposit 
 location information (country, state or province, continent)  
 information about tonnages and grades 
 volume of reserve / resource (probable, proven, measured, indicated) 
 average concentration of reserve/resource 
 geochronology  
 geological age of the deposit 
 proportion of HREE & LREE 
 production information (produced volume)  
 status of the development.  
In the new REE deposit database, the rare earth occurrences are classified into the following 
deposit types:  
 carbonatites  
 carbonatite laterites 
 alkaline igneous complexes 
 Hydrothermal veins 
 iron oxide-copper-gold deposits (IOCG) 
 apatite-iron deposits (AID) 
 black shales  
 placers 
 paleoplacers 
 ion adsorption clays (IACs). 
The global distribution of selected REE resources is shown in Figure 23. Table 12 summarizes 
the amount of resources and the content of REOs of all deposits in the database according to 
deposit types. The total amount of world REO resources is estimated at 479 Mt. An ‘average’ 
REE content in REE deposits is estimated at 2.9 Mt of REEs with an average grade 1.76 %.  
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Figure 23: Map showing the distribution of REE deposits 
Source: Elaborated by the author based on the new REE database 
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Table 12: Global REE resource distribution by type of deposits and the proportions of HREEs 
and LREEs of each deposit type 
Type Size 
(Mt) 
Average 
Grade 
REE 
Resource 
(Mt) 
Share of 
Size 
Share of 
resource 
HREEs 
(%) 
LREEs 
(%) 
Carbonatite 
associated  10,744  2.13 285.66 25.06 % 59.37 % 9 91 
Alkali associated 10,693  1.21 101.59 24.94 % 21.11 % 31 69 
Carbonatite 
associated (lateritic) 1,235  4.78 62.02 2.88 % 12.89 %   
IOCG 4,135  0.28 19.9 9.64 % 4.14 % 13 87 
Paleoplacers 850  0.62 3.66 1.98 % 0.76 %   
Placers 4,361  1.61 2.91 17.95 % 0.60 % 14 86 
Hydrothermal 
(veins) 225  6.50 1.83 0.53 % 0.38 % 58 43 
Ion adsorption clay 2,343  0.11 1.79 5.47 % 0.37 % 26 74 
Black shales 4,897  0.02 0.53 11.42% 0.11 % 40 60 
Apatite-iron 
deposits (AID) 9.28 0.25 0.023 0.02 % 0.005 %   
Others 0.067  1.50 0.001 0.0002 % 0.0002 %   
Alkali associated 
(lateritic) 0 0.00 0 0.00 % 0.00 % 
  
Skarn 0 0.00 0 0.00 % 0.00 %   
Sum 42,834    479       
Average 258  1.76 2.91        
Source: Elaborated by the author according to the new database on advanced REE mines, deposits and 
occurrences compiled from a variety of sources, including prefeasibility/feasibility studies of REE 
deposits, data from Geological Surveys and geological agencies, published data and compilations, and 
company, institute and government websites. 
 
The distribution of the REE contents of all types of REE deposits are shown in the histogram 
in Figure 24. An ‘average’ REE deposit contains 2.91 Mt of REOs. ‘Large’ deposits with more 
than 20.3 Mt of REOs are very few, and only one ‘super-large’ deposit – the Jongju deposit in 
North Korea – has an REO content of more than 37.85 Mt. Figure 25 illustrates the distribution 
matrix of tonnage and grade of relevant REE deposits by type. The diagonal line shows the 
REE content of REE deposits, which is the multiplication of tonnage and grade.  
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Figure 24: Histogram of the REE content of all types of REE resources  
Source: Elaborated by the author according to the new database on advanced REE mines 
 
 
Figure 25: Tonnage and grade of relevant REE deposits by type  
Source: Elaborated by the author according to the new database on advanced REE mines 
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Carbonatite-associated deposits are the most important source of REEs. Including carbonatite 
lateritic deposits, carbonatite makes up 72.44 % of global REE resources. Carbonatite deposits 
tend to be medium to large in size and high in grade: the average grade of carbonatites is 2.95 %. 
The world’s largest REE deposit, Bayan Obo, and the other best-known deposit, Mountain Pass, 
are carbonatite deposits. The Jongju carbonatite deposit in North Korea is reported to be the 
biggest deposit in the world. However, no reliable geological study about the Jongju deposit is 
available.  
Alkali-associated deposits account for 21.16 % of the world’s REE resources (Table 15). The 
most important deposit is the agpaitic-nepheline-syenite complex at Ilimaussaq (Kvanefjeld), 
Greenland. Alkaline-associated deposits are generally larger in size but of lower grades. The 
average grade of alkaline-associated deposits is 1.20 %. However, the proportion of HREE in 
Alkali-associated deposits is much higher than in carbonatite deposits. The average proportion 
of HREE can reach 31 %. In comparison, carbonatites have only 9 % HREE content.  
Lateritic deposits enriched with REEs are formed by intensive subtropical weathering of REE-
rich alkaline complexes. These deposits occur predominantly as mineral assemblies of goethite, 
hematite, aluminium hydroxides, kaolinite minerals and quartz, and typically contain 10 – 25 % 
REOs. 
Iron oxide-copper-gold (IOCG) deposits make up 4.15 % of world resources. However, only a 
small proportion of REEs are produced from IOCG deposits. The average grade of IOCGs is 
very low at only 0.28 %. A massive IOCG deposit – the Olympic Dam deposit in South 
Australia – is currently mined for copper, uranium, gold and silver.  
Although a huge number of placer occurrences are identified by Orris and Grauch (2002) 
worldwide, placer deposits account for only 1.37 % of world resources. Another potential 
deposit is the paleoplacer, which makes up 0.76 % of the world’s resources. An important 
example of a paleoplacer is the Elliot Lake deposit in Ontario, Canada. Marina and beach 
placers account for 0.61 % of global resources.  
REE deposits in hydrothermal veins are typically small in comparison to carbonatite and alkali 
deposits. The global share of hydrothermal veins is only 0.12 %. Nevertheless, hydrothermal 
deposits provide high grades of REEs, and are rich in HREEs. Important potential REE deposits 
in hydrothermal veins are Steenkampskraal in South Africa, which was mined for monazite in 
the past. The content of HREE at Steenkampskraal is relatively low (8 %) in comparison with 
e.g. Browns Range in Australia, in which the average HREE rate can reach 84 %. 
Ion adsorption clay (IAC) deposits account for only 0.37 % of global resources. These deposits 
have the smallest size and the lowest average grade (only 0.11 %), but contain relatively high 
contents of HREEs. The IACs are mainly located in South China. Three similar deposits are 
found in Brazil, Canada and Malawi. The Serra Verde deposit in Brazil contains 0.4 Mt of REEs, 
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with a 24 % HREE content. Grande-Vallée in Canada is a large aluminous clay deposit. The 
main product of Orbite is alumina, but REEs can be extracted as by-products. The mineral 
resource at Grande-Vallée is estimated at 1 billion tonnes. The average grade of REE is 0.05 %, 
with a 20 % HREE content. The estimate of the REE mineral resource in the Chambe Basin in 
Malawi was not available at the time of publication. 
The Buckton black shale deposit in Alberta, Canada has been considered a possible source of 
REEs. The indicated resources have been estimated at 4.5 billion tonnes at 0.01 % TREOs, 
including the inferred resource of 227 Mt at 0.03 % TREO in the Buckton south zone. The total 
REE content in black shales accounts for 0.11 % of global resources.  
The most advanced apatite-iron deposit (AID) is the Kiruna deposit in Sweden. The total REE 
resource of the deposit makes up 0.005 %. Other deposit types contain only trace amounts of 
REEs.  
Skarn deposits include the Mary Cathleen deposit in Australia. This contains REE minerals 
hosted in uraninite, apatite and allanite. The resource estimation of this deposit is not yet 
available. 
REEs can be concentrated in a range of tectonic settings depending on geological processes. 
The most significant concentrations are typically associated with alkaline-peralkaline silicate 
rocks and carbonatites formed in rifts of phanerozoic magmatite and proterozoic complexes. 
Such rifts are found in all of the continents, dating from the Archaean to the present day. Some 
REE concentrations have been found in orogenic belts associated with continental collision. 
The most important period for REE mineralisation is the Proterozoic period (Paleoproterozoic, 
Mesoproterozoic, and Neoproterozoic). More than 78 % of REE deposits were formed in this 
period. The most important REE mineralisation occurred in the Neoproterozoic period (53 %). 
Around 11 % REE deposits were formed in Paleozoic and Mesozoic. Around 9 % were formed 
in Paleogene, and Neogene period. Only very few REE deposits were formed in Archean and 
Pleistocene period. Figure 26 shows the REE resource distribution by age. 
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Figure 26: Tonnage and grade of relevant REE deposits by age 
Source: Elaborated by the author according to the new database on advanced REE mines 
According to the new database, 52.38 % of all rare earth resources in the world are located in 
Asia, followed by Europe with 17.74 % and North-America with 13.34 % (Table 13). The 
biggest deposit is the Bayan Obo deposit in China. The most important REE deposit in Europe 
is that of Kvanefjeld in Greenland. 
Table 13: Distribution of global REE resources by continent in percentages 
Continent  Share in % 
Asia 52.38 
Africa 8.90 
Europe 17.75 
Latin America 1.64 
North-America 13.34 
Oceania 5.99 
Source: Elaborated by the author according to the new database on advanced REE mines 
For development of a REE project, it is important to look at the political stability and 
environmental performance of the country, in which the REE deposit is located. To perform this 
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task, the World Governance Indicators (WGI) of the World Bank and the environmental 
performance of the Yale University and Columbia University are used9.  
According to the WGI, most REE resources (49.88 %) are located in fragile stable countries 
(with moderate stability). 20 % are located in countries with low political risk, and around 15 % 
are located in stable countries. 15 % are located in high-risk countries. None of the resources 
in unstable countries are considered as potential mining projects. Figure 27 plots the resource 
and reserve distribution according to political stability.  
 
Figure 27: Global REE reserves and resources by political stability in percentages 
Source: Elaborated by the author according to the new database on advanced REE mines 
 
As plotted in the histogram of the number of countries within different EPI score ranges (Figure 
28), 73 % of REE resources are located in countries with low environmental performance and 
6.01 % in those with very low performance, where the environmental risk is relatively high. 
Some 11.69 % of REE resources stem from countries that give moderate priority to 
environmental issues, and only 8.45 % stems from countries that perform well on environmental 
issues, for instance Australia and Greenland. No REE resources are located in countries with 
very high environmental performance.  
 
                                                 
9 The details about the ratings are explained in chapter 4.2.1 and chapter 5.2.2. 
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Figure 28: Global REE reserves and resources by environmental performance  
Source: Elaborated by the author according to the new database on advanced REE mines 
 
 
  
6.01%
73.85%
11.69%
8.45%
0%
0%
10%
20%
30%
40%
50%
60%
70%
80%
very low low moderate high very high
- 77 - 
 
Chapter 3 Supply chain for REEs 
 
Unlike common metals like copper and iron, which have higher concentrations in a deposit, 
REEs are widely distributed in low concentrations. Moreover, the individual REEs generally 
occur together in REE-bearing minerals. The separation of the individual REEs and their 
refining into pure metals constitute difficult challenges because of their chemical similarity. To 
make REEs economically viable in end-products, the full supply chain must be considered. 
Figure 29 illustrates the supply chain for REEs, which generally consists of mining, processing, 
separation, refining, application (components and final products) and recycling. The supply 
chain for REEs can provide a useful context for analysing geological, technical, economic, 
environmental and social impact factors and, moreover, it reflects the potential for recycling 
and reusing materials from applications at the end of their useful lives. 
 
Figure 29: Supply chain for REEs  
Source: Elaborated by the author  
This chapter deals with the various aspects of the supply chain for REEs, providing a description 
of each step in the production process of REEs and their environmental impacts, as well as 
information on the main applications of each REE. First, chapter 3.2 to 3.4 provide a brief 
overview of REE mining, processing methods and environmental impacts during those 
processes. Chapter 3.5 addresses the mining and processing methods of the major global hard 
rock rare earth deposit – the Bayan Obo deposit in China – as well as those of placer deposits 
in India and ion adsorption clay deposits in South China. Subsequently, the main applications 
of REEs and global production of REEs are presented. As the last step in the supply chain, the 
possibilities for substitution and recycling of REEs are addressed. Finally, a brief description 
of the criticality of the supply of REEs will be highlighted.  
 
3.1.  Mining 
There are three mining methods to extract the REE-bearing deposits: surface mining (open pit 
mining), underground mining, and In-Situ Leaching (ISL, or solution mining). Open pit mining 
and underground mining normally involve removal of the overburden (the non-mineralised soil 
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/ rock overlying the ore body), drilling and blasting, excavation, and milling. The ratio of the 
volume of overburden to ore is referred to as the stripping ratio. Heavy machinery is used to 
remove and stockpile overburden, to process the ore, and for reclamation after the closure of 
the mine. Open pit mining is mostly suitable for near-surface deposits with depths typically  
< 100 m, and with lower mineral grades and/or steeply dipping or massive ore bodies (Walters 
and Lusty, 2010).  
Underground mining methods are usually used to mine high-grade minerals, especially deeper 
and smaller ore bodies where open-pit methods would be impractical. The ore is typically 
blasted using explosives and then transported to the shaft using an underground rail system 
(Warhurst et al., 1999).  
The applicability of open-pit or underground methods depends on ore grades and tonnage, the 
size of the deposit, the geology of the deposit, and the nature of the overburden (for instance, 
the thickness, hardness, difficulty of removal, and the stripping ratio). Open pit mining, if 
applicable to the deposit, is often cheaper and safer than underground mining. However, the 
stripping ratio of an open-pit mine is necessarily larger than for an underground mine. From the 
point view of vegetation, underground mining is less environmentally destructive (see more 
about the environmental impact of REE mining in chapter 3.4).  
Hard rock REE ores are usually mined by conventional open pit methods. Two of the world’s 
largest rare earth mines, the Bayan Obo mine in China and the Mountain Pass mine in the United 
States, are open pit mines. This method is also used at the Mount Weld mine in Australia and 
the Maoniuping mine – the second-largest REE mine in China. Only a few hard rock REE ores 
are mined underground. Hydrothermal veins and carbonatite dykes can be mined by 
underground methods because of their elongated deposit geology. The Weishan mine in China 
and Elliot Lake in Canada are underground mines. Loparite from the Lovozero complex in 
Russia and Steenkampskraal ore in South Africa are mined by both underground and open pit 
methods. 
Placer deposits are accumulations/concentrations of heavy-minerals transported and deposited 
by rivers or coastal process in depressions or stream beds. Mining methods for Placer deposits 
are determined by the criterion of whether the ore is covered by water or is mineable from the 
dry surface. If placer deposits are covered by water, their extraction typically uses dredges 
applying a series of buckets, or suction dredges. The mining of deep coastal deposits (up to 6 
m deep) is carried out using power shovels and floating dredges with dragline excavators or 
bucket suction excavators (IAEA, 2011). If placer deposits are not covered by water, they are 
mined by variations of open pit excavation methods, which use scrapers, bulldozers, loader 
shovels and draglines to collect the ore for further processing. Drilling and blasting are not 
required except for deposits in which the sand is cemented by ferruginous or calcareous 
precipitates (Gupta and Krishnamurthy, 2005).  
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Instead of blasting, excavation and milling, in-situ leaching (ISL) is accomplished by injection 
of a chemical solution into the ore body to selectively leach out rare earth minerals. The 
application of the ISL method depends on many factors: the solubility of the REE minerals, the 
geochemistry and hydrologic characteristics of the ore, and the permeability of the ore-body. 
Strong chemical reagents are usually used to recover the REEs from the ore. However, these 
can have a huge impact on the environment. ISL is currently used in the exploration of ion 
adsorption deposits in southern China. The clays are directly treated by decomposition without 
any beneficiation process. 
 
3.2.  Processing 
After mining, the ores are processed to separate the rare earth minerals from other gangue 
minerals and produce a concentrate with high REE contents. The processing step consists of 
physical beneficiation and chemical decomposition processes to obtain the rare earth 
concentrate, and separating processes to produce individual REE products from concentrates. 
REE processing is a very complex and specific process due to the complexity of the REE-
bearing minerals and the highly similar chemical properties of the individual REEs. Many 
factors affect the selection of treatment processes, such as the deposit type, the REE grades, the 
type of gangue minerals, the composition of the individual REEs in concentrates, as well as the 
requirements for the purity of the final REE products. 
3.2.1 Beneficiation 
Beneficiation methods used in the production of rare earth minerals include gravity separation, 
magnetic separation, electrostatic separation and froth flotation. A brief description of these 
four concentration methods is provided in Table 14. In many cases, a combination of two or 
more of these methods is used to concentrate an ore. 
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Table 14: Concentration methods  
Separation Methods  
Gravity 
concentration 
This method is based on the differences in density between minerals. The 
processes include: heavy media, shaking tables, spiral separators, centrifugal 
bowl concentrators, jig concentrators, multi-gravity separation, etc. It can be 
used to separate quartz and calcite.   
Magnetic 
concentration 
This method depends on the magnetic properties of the minerals. Magnetic 
minerals can be separated from non-magnetic particles using either low- or 
high-intensity magnets. Low-intensity magnetic separators can be used to 
concentrate ferromagnetic minerals such as magnetite, while high-intensity 
separators are used to separate paramagnetic minerals from their gangue.  
Electrostatic 
concentration 
Electrostatic separation is dependent on the minerals’ electrical conductivity. 
High-voltage separation can be used to separate conducting minerals from non-
conducting minerals. This method can be used to separate minerals with 
different conductivities, e.g. for separating zircon, rutile and ilmenite from 
monazite in placer deposits. 
Froth flotation Flotation is a physico-chemical process that utilizes the difference in surface 
adhesion properties of the valuable minerals and gangue minerals. This 
separation method transfers valuable minerals (aerophilic) to the air bubbles 
and the gangue minerals (aerophobic) to water by using a number of flotation 
reagents, such as collectors, frothers and regulators.   
Source: Wills, 2006 
Among these concentration methods, froth flotation is one of the most important methods of 
REE concentration. There is a series of reagents which are used in the flotation to optimise the 
flotation process. In principle, flotation reagents can be classified into collectors, frothers, 
regulators, and depressants. The most important reagent is the collector, which absorbs the 
mineral particles onto surfaces. The collectors greatly increase the contact angle so that air 
bubbles will adhere to the surfaces. Selecting the correct collector is critical for effective 
separation by froth flotation. Table 15 lists main collectors applied in REE flotation processes. 
Two collectors – fatty acids and hydroxamates – are the most widely applied in the rare earth 
mineral flotation process. In China, a hydroximic acid collector called H205 (2-hydroxyl-3-
naphthyl hydroximic acid), and its isomer H316 (1-hydroxy-2-naphthylhydroximic acid) have 
been developed and are widely used for Chinese bastnäsite ores. These collectors have good 
selectivity and collectivity to obtain REO concentrates of > 50 %. Compared with H205, H316 
is cheaper and can increase the recovery rate of REOs (Zhu and Zhou, 2009).  
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Table 15: Main collectors applied in REE flotation processes 
Category  Name of the collector  Chemical formula  
Hydroxamic acid C5-7 alkyl hydroxamic acid 
C7-9 alkyl hydroxamic acid 
R-C (=O)-NH-OH 
R-C (=O)-NH-OH 
Cycloalkyl hydroxamic acid 
Benzoyl hydroxamic acid 
Cn-C2n-1 (=O)-NH-OH 
C6-C5 (=O)-NH-OH 
H205 (2-hydroxyl-3-naphthyl 
hydroximic acid) 
H316 (1-hydroxy-2-naphthyl 
hydroximic acid) 
Cn-Cn OH-C(=O)-NH-OH 
Fatty acid Oleic 
Linoleic 
CH3(CH2)7CH=CH(CH2)7COOH 
CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH 
Source: Zhu and Zhou, 2009; Bulatovic, 2007, Luo et al., 2002 
If the gangue minerals associated with bastnäsite have similar flotation properties, such as barite 
and calcite, it is difficult to use flotation to concentrate the REEs. Other concentration methods 
must be used in the beneficiation process.  
Hard rock deposits 
The general beneficiation process of hard rock ores involves crushing/grinding, screening and 
separation of the REO from other minerals by different concentration methods. At Mountain 
Pass deposit in California, the bastnäsite ore was crushed and milled into < 0.1 mm particles. 
The material was treated with steam and different reagents to produce slurry. The slurry was 
then processed by flotation to produce bastnäsite concentrate. The beneficiation of ores at the 
Bayan Obo deposit is more complex. In addition to the rare earths, magnetite, fluorite, hematite 
and niobium oxide are also valuable by-products that must be recovered. The ores are milled 
into particles < 0,074 mm. The magnetite and hematite are then separated through low-intensity 
magnetic to high-intensity separation. The non-magnetic residual is further processed by froth 
flotation. After beneficiation processes, a mixed bastnäsite-monazite concentrate with 50 – 60 % 
REO is produced. More detailed description of the beneficiation processes in the Bayan Obo 
mines is provided in chapter 3.4.1.  
Loparite ore in Russia is processed using gravity and electromagnetic separation methods to 
produce a 95 % loparite concentrate.  
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Placer deposits  
The composition of placer deposits varies according to their location. The total heavy-mineral 
content of placer deposits usually ranges between 5 and 50 %. The main REE-bearing minerals 
in placer deposits are monazite and minor quantities of xenotime. The main product of placer 
deposits is usually ilmenite, while the other products are mostly zircon and rutile. Monazite and 
xenotime account for only 1 – 2 % of total heavy-mineral production (Gupta and Krishnamurthy, 
2005; Jordens et al., 2013). All of these heavy minerals have densities greater than 3,000 kg/m3. 
The type and complexity of beneficiation methods for placer deposits depend on the mineralogy 
and chemical composition of the placer deposits. Generally, a combination of specific gravity, 
magnetic and electrostatic methods is used for separating rare earth minerals from associated 
minerals. The heavy minerals are primarily separated from the gangue minerals by high-
capacity specific gravity separation methods due to the high specific gravity of the heavy 
minerals. In the next stage, monazite, xenotime and zircon are then separated by magnetic or 
electrostatic methods from other conductive minerals. Zircon is then separated by 
electromagnetic or further specific gravity methods, as it is moderately susceptible to 
magnetism and has a higher density (Gupta and Krishnamurthy, 2005).  
The flotation method has not been widely used for the recovery of monazite, except when the 
valuable minerals from heavy-mineral sand deposits are in a finer size range (15 – 100 microns) 
(Jordens et al., 2013; Ferron et al., 1991). 
Monazite has a higher thorium content than bastnäsite. Due to the high risk of radioactivity, 
mining monazite deposits has been abandoned in China.  
 
3.2.2 Decomposition processes 
Following beneficiation, the REE concentrates are further processed to increase the REO grade 
from 60 % up to 90 %. Hydrometallurgy, which involves leaching, washing, filtering and drying, 
is the most common chemical extraction method. Two main hydrometallurgy methods are used 
to extract REE concentrates on an industrial scale: acid and alkaline methods. Various 
decomposition processes have been developed depending on the origin and mineral 
composition of the concentrate. 
3.2.1.1 Hard rock deposits 
Bastnäsite: The main REE-bearing mineral in hard rock deposits is bastnäsite. Recovery of 
REEs from bastnäsite can be accomplished using the HCl-NaOH digestion method. This 
method has been used for the recovery of REEs from the Mountain Pass deposit. The bastnäsite 
concentrate is leached with hydrochloric acid to remove calcium and strontium carbonates. The 
solution is thickened, filtered, and then calcined at 300 – 600°C to remove the carbon dioxide. 
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The solid residual can be decomposed with NaOH to convert RE hydroxides, which are further 
dissolved in hydrochloric acid to obtain rare earth chlorides. 
RE2(CO3)3 . REF3 + 6HCl  2RECl3 + REF3 + 3H2O + 3CO2       
REF3 + 3NaOH  RE(OH)3↓+ NaF            
RE(OH)3 + 3HCl  RECl3 + 3H2O 
Alternatively, decomposition of bastnäsite concentrates may start with firing in air (calcining) 
to drive off carbon dioxide and oxidise cerium to the tetravalent state. The dissolved non-cerium 
REEs are then treated with hydrochloric acid or sulphuric acid to produce a low-value cerium 
product, or followed by further separation into high purity REEs. This method is used for the 
recovery of REEs at Maoniuping deposit, the second-largest REE deposit in China. 
Mixed bastnäsite-monazite concentrate: The decomposition process for the mixed bastnäsite-
monazite concentrate at the Bayan Obo deposit is very complex, and different methods are used 
for the treatment. The main method is to use sulphuric acid. Using the acid method, the mineral 
concentrate is fired with sulphuric acid at 300 – 500°C, and RE sulphates are leached with water 
while thorium and iron sulphates are converted into insoluble products. Trace thorium, iron and 
phosphor are removed by dissolution in hydrochloric acid. The purified RE sulphate can be 
further treated to produce RE chlorides and individual REOs.  
Bastnäsite: 2REFCO3 + 3H2SO4  RE2(SO4)3 + 2HF↑ + 2CO2 + 2H2O2 
Monazite: 2REPO4 + 3H2SO4  RE2(SO4)3 + 2H3PO4 and 
    Th2(PO4)4 + 6H2SO4  3Th(SO4)2 + 4H2PO4 
High-temperature direct chlorination is a universal ore treatment process that easily integrates 
with subsequent process steps. The process produces an anhydrous rare earth trichloride product 
that is well suited for the production of mischmetal.  
Loparite concentrate in Russia is processed using high-temperature gaseous chlorination in the 
presence of reducing agents (Carsto and Hedrick, 2006; Gupta and Krishnamurthy, 2005). The 
loparite’s ore is first converted to chlorides. The chlorides of titanium, niobium, and tantalum 
are separated from the REEs and other elements due to their higher volatility. The remained 
REE condenses is then dissolved in hot sulphuric acid in the presence of ammonium sulphate. 
The solution is diluted with water, dropping out double sulphates of REEs and thorium. The 
sodium carbonate is then added to convert the REE and thorium sulphates to carbonates. The 
carbonate is dissolved in nitric acid. The rare earth nitrate solution is used for further REE 
separation and thorium is precipitated by raising solution alkalinity or by solvent extraction 
(Carsto and Hedrick, 2006).   
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3.2.1.2 Placer deposits 
REEs from monazite and xenotime can be extracted using the acid method and the caustic soda 
method.  
Monazite: The sulphuric acid method was widely used to obtain REEs from monazite 
concentration, whereby the monazite concentration is digested with 98 % sulphuric acid at 200 
– 220 °C. In the process, a significant part of the thorium precipitates with the rare earth double 
sulphate, though further extensive purification of the REEs is still required. Furthermore, 
phosphate is not recovered. For these reasons, the acid method has now been replaced by the 
caustic soda method (IAEA, 2011; Gupta and Krishnamurthy, 2005).  
In the decomposition process using the caustic soda method, the monazite concentrate is 
dissolved in a concentrated solution of sodium hydroxide at ~140 – 150°C. The REEs and 
thorium are converted to hydroxides. The phosphate compound is separated by dissolution in 
water and then recovered as trisodium phosphate. REEs are then separated from thorium by 
leaching with hydrochloric acid. The caustic soda method is used in India by Indian Rare Earths 
Ltd. The process used by IRL will be presented in chapter 3.4.2. The reactions of the caustic 
soda method can be represented as follows: 
RE(PO4) + 3NaOH  RE(OH)3 + Na2PO4 
Th3(PO4) 4 + 12NaOH  3Th(OH)4 + 4Na2PO4 
RE(OH)3 + 3HCl  RECl3 + 3H2O. 
 
Xenotime: The treatment of xenotime uses either sulphuric acid digestion or sodium digestion. 
In the sulphuric acid process, which is used in the xenotime processing plant of the Malaysian 
Rare Earth Corporation (MAREC) (Figure 30), xenotime is first milled to the required grain 
size and then fired in a furnace. The fired material is then digested in sulphuric acid. In the 
digestion process, the yttrium phosphate is converted into water-soluble yttrium sulphate. 
Yttrium is then precipitated as yttrium oxalate through the addition of oxalic acid. After 
calcinations of yttrium oxalate, an yttrium oxide concentrate containing 60 % yttrium is 
produced. 
In the sodium hydroxide process, the finely ground xenotime is treated with caustic soda at 
400°C. After leaching out the phosphate, the rare earth hydroxide residue is dissolved in HCl 
and treated with oxalic acid before impurities are removed by filtration. The yttrium oxalate is 
then dried and calcined to produce an yttrium oxide concentrate containing 40 – 60 % yttrium.  
The yttrium oxide concentrate is the starting material for further separation using solvent 
extraction to obtain purified yttrium and yttrium products. 
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Figure 30: Decomposition process of xenotime  
Source: Gupta and Krishnamurthy, 2005 
 
Ion Adsorption Clays 
A simple leaching method is used to extract REEs from ion adsorption clays. REEs are removed 
in an ion exchange process using a dilute aqueous solution of sodium salts or ammonium 
chloride. A REE concentrate contains a minimum of 90 % REO, and 95 % of the material can 
typically be recovered with this method. The leaching methods used in ion adsorption clays are 
further described in chapter 3.4.3. 
 
3.2.3 Separation of individual REEs 
The value of individual REE products depends on their purities after separating from REE 
concentrates (> 99.999 %). However, the separation process is a very difficult task due to the 
similar chemical properties of REEs. Based on differences in the solubility of salts, the 
hydrolysis of ions, and the formation of complex species, there are four methods used for 
separating REEs: fractional crystallisation, fractional precipitation, ion exchange, and solvent 
extraction.  
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Table 16: Separation methods used for separation of REEs 
Method Process 
Selective oxidation and 
selective reduction 
These methods are based on different behaviours exhibited by oxidised 
(RE4+), reduced (RE2+) and trivalent (RE3+) REE states. They can be 
used for the separation of REEs in stable form in the tetravalent state 
(Ce, Pr and Tb) or in the divalent state (Sm, Eu and Yb) 
Fractional crystallisation 
and fractional precipitation 
This method can be used to separate REEs by taking advantage of 
slight differences in the solubility of their salts 
Ion exchange The ion exchange technique is based on the differential adsorption and 
differential elution of REE ionic species, both of which are affected by 
REE basicity. When the ion exchange resin comes into contact with a 
salt solution, the mobile ion in the resin matrix may be displaced. To 
increase differences in the basicity of adjacent REEs, various 
complexes are formed by individual REEs in the mixture through the 
use of chelating agents (complexing agents) such as ethylene di-amine 
tetra-acetic acid (EDTA), 2-hydroxy ethylene diamine triacetic acid 
(HEDTA) and nitrilo triacetic acid (NTA).  
Solvent extraction This method is based on the preferential distribution of individual 
REEs in two different immiscible solvents, usually an aqueous solvent 
and an organic solvent.  
Source: Gupta and Krishnamurthy, 2005 
Among the separation methods, ion exchange and solvent extraction are two advanced methods 
for producing high-purity individual REEs or compounds. In the 1960s, ion exchange 
technology was the only method for separating the individual REEs in large quantities. The 
technique is noted for its simplicity and its ability to produce high-purity rare earths, but the 
process is very slow and is not continuous. Consequently, the ion exchange technique, like its 
predecessors, has become largely outdated in favour of solvent extraction, even though it is still 
regarded as superior for the production of extremely pure materials. After solvent extraction is 
applied for industrial-scale production, ion exchange technology is only used to obtain small 
quantities of high purity REE products. Solvent extraction has become generally accepted as 
the most appropriate commercial technology for separating rare earths. Compared with other 
separation methods, SX has many advantages, for instance (IAEA, 2011): 
 SX can be used for separating large quantities of REE concentrate 
 The process is fast and continuous  
 The cost of the raw materials is low 
 The extraction plants are compact and require little manual control. 
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The solvent extraction separation process usually includes three steps: extraction, scrubbing 
and stripping. The schematic of the process is shown in Figure 31.  
 
Figure 31: Flowchart of separation process  
Source: Gupta and Krishnamurthy, 2005 
In the extraction step, the extractant removes the REEs in the form of an extracted complex into 
the organic phase, i.e. the RE ions are loaded by the extractant into the organic phase. The 
loaded organic phase contacts with an aqueous solution in the scrubbing stage to collect 
impurities back to the extraction stage. Subsequently, the scrubbed organic phase contacts with 
an aqueous solution to recover RE species. The loaded rare earth ions are stripped with an 
aqueous solution from the organic phase into the aqueous phase. Usually the transfer of the RE 
ions to the organic phase can’t be completed in one contact, so a multi-stage extraction process 
is necessary (Gupta and Krishnamurthy, 2005).  
The organic phase usually consists of two or more substances include and extractant, which 
collecting the RE species into the organic phase, and a modifier, which is for improving the 
hydrodynamics of the extraction system. The extractant is usually dissolved in a suitable solvent 
like kerosene and certain other aromatic compounds to ensure a good contact with the aqueous 
phase. Numerous extractants have been used for the separation of REEs: however, only a few 
are used for industrial production. Extractants used in industrial production can be classified 
into three types (Gupta and Krishnamurthy, 2005):  
a) neutral extractants  
b) cation exchange extractants or acidic extractants, and  
c) anion exchange extractants.  
The main extractants within each type are listed in Table 17.  
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Table 17: Commercially applied extractants for separation of REEs 
Extractant type Extractant Molecular formula 
Neutral extractant Tributyl-phosphate (TBP) (C4H9O)3PO 
Cation exchange 
extractants (acidic 
extractants) 
Di-2ethyl-hexyl-phosphoric acid 
(HDEHP)  
Trade name: P204 
(C8H17O)2POOH 
2-ethyl-hexyl-2-ethyl-hexyl-
phosphonic acid (EHEHPA)  
Trade name: P507, PC88A, Ionquest 
801 
(C8H17O)C8H17POOH 
di-2,4,4-trimethylpentylphosphinic 
acid (Cyanex 272) 
R1=R2=CH3(CH2)3CH2CH(CH3)CH2–  
Versatic acids: vesatic 10/versatic 
911 
R1+R2=C7   
R1+R2= C6–C8 
Naphthenic acids R1–R4: varied alkyl groups 
Anion exchange 
extractants 
Trialkyl-methyl-ammonium-chloride  
Trade name: Aliquat 336 
R3CH3N+Cl–   
 
Primary amines (Primene JMT, 
N1923) 
R=(CH3)3C(CH)2C(CH3)2)4 
Source: Xie et al., 2013; Gupta and Krishnamurthy, 2005; Thakur, 2000; 
Among these extractants, organophosphorus acids including phosphoric (HDEHP and 
EHEHPA) and phosphinic acids (Cynaex 272) are usually chosen as the primary extractants for 
the industrial separation of REEs. The separation efficiency is determined by many factors, but 
the most significant are the distribution coefficients and the separation factor (selectivity). In 
extraction by cation exchange, the hydrogen ion is displaced by the extracted metal, producing 
a hydrogen ion from the extractant (Gupta and Krishnamurthy, 2005). The extraction reaction 
can be presented in the following equation: 
[RE3+]aq + [3H2A2]org  [RE(HA2)3]org + 3[H+]aq  
The extractant denoted as H2A2 refers to the dimeric form of the organic acid. ‘A’ denotes the 
organic anion and RE3+ denotes the trivalent rare earth ion. 
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Using organophosphorus acids, the distribution coefficients of REEs increase in the order of La 
< Ce < Pr < Nd < Sm < Eu < Gd < Tb < Dy < Ho < Y < Er < Tm < Yb < Lu. The extraction 
efficiency also increases with increasing distribution coefficient. The separation factor between 
easily extractable REEs and REEs that are more difficult to extract is very large. For instance, 
the separation factor between La and Lu in P204 ßLu/La is 3×105, but the separation factor 
between two adjacent REEs is only 2.46. The separation factor between La and Lu in P507 is 
higher: ßLu/La = 5.5×107 (Zhong and Liao, 2005).  
REE industrial SX processes follow almost identical routes, which are based on the following 
overall scheme (Gupta and Krishnamurthy, 2005): 
1) separation of REEs generally into their trivalent states, 
2) REEs are separated into three or four fractions, 
3) yttrium is preferentially separated, 
4) cerium and europium are usually extracted based on their valence states Ce4+ and Eu2+,  
5) other individual REEs are separated according to the required purity. 
An example is the separation process of the Rhône-Poulenc process using monazite concentrate 
as shown in Figure 32. The concentrate is first digested with NaOH, and filtered as hydroxide 
solid residue. This residue is dissolved in HCl or HNO3 and proceeds to a series of solvent 
extraction circuits to produce individual REOs. Various extractants, including carboxylic acids, 
organophosphorous acids, and quaternary amines are used in the separation process. Lanthanum 
(99.9995 %) was first extracted from a mixture of Ce, Pr, Sm, etc. Similarly, other individual 
REEs are then gradually separated with different purities (Xie et al., 2013).  
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Figure 32: Rhône-Poulenc liquid-liquid extraction process for separation of REEs  
Source: McGill, 1997; Xie et al., 2013 
The process is composed many stages. Depending on the content of the concentrate, the stage 
number can range from a few stages up to a hundred or more. The flow regulation of extraction 
solvent, scrub solvent and the feed could influence the product purity at the exit after long stages. 
Therefore, the measuring and control of the component content in the organic phase as well as 
in the aqueous phase at the specified sampling point is very important. The recovery of the rare 
earth elements is dependent on the rare earth concentration and the impurity content of the leach 
liquor. The efficiency of the extraction process also depends on many factors: extraction 
temperature, the feed solution or extractant concentration, acidity of the extraction system, 
withal of which are influenced by the extraction time (Tian et al., 2010). The separation of 
HREEs with naphthenic or carboxylic acid needs a very long cascade, and is therefore not 
efficient. Other separation methods are often used in the separation process, for instance ion 
exchange or extraction chromatography (Huang, 2010). Typical flowcharts for separation of 
bastnäsite and ion adsorption clay are presented in Figure 33. 
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Figure 33: Flowchart of solvent extraction of REEs from a) bastnäsite and/or monazite 
concentration and b) ion adsorption clay  
Source: Yan et al., 2006 
REE separation is currently most advanced in China. As early as the 1970s, Prof. Xu Guangxian 
established a new “Cascade Theory of Counter-current Extraction” for separation of REEs, by 
which high REE purities of 99.99 % and even 99.999 % can be economically achieved.  
The conventional industrial SX process for REEs in China usually includes the procedures of 
raw material dissolution, separation and precipitation (Liao et al., 2013).  
1. The mixing RE carbonate or oxide is dissolved in hydrochloric acid: 
RE2(CO3)3 + 6HCl  2RECl3 + 3H2O + 3CO4 
RE2O3 + 6HCl  2RECl3 + 3H2O  
2. Then the REEs are removed by extractants in the extraction process. The organic 
phosphoric acids P204 and P507 are widely used extractants in China. The extraction reaction 
can be described as: 
RECl3 + 3HA  REA3 + 3HCl 
The loaded rare earth ions are stripped from the organic phase into the aqueous phase by 
hydrochloric acid (or sulphuric acid). The extraction process can be described by the following 
equations:  
REA3 + 3HCl  RECl3 + 3HA 
In order to increase and stabilise the separation capacity, the acidic extractants are generally 
saponified by NaOH or NH4OH. The saponification and corresponding reactions can be 
described by the follow equations:   
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NaOH + HA  NaA + H2O  
NH4OH + HA  NH4A + H2O  
3NaA + RECl  REA3 + 3NaCl 
3NH4A + RECl  REA3 + 3NaCl 
3. After extraction and stripping, the solvent is precipitated by ammonium bicarbonate 
(NH4)HCO3 or oxalic acid C2H2O4. REEs will transfer into the precipitate and most of the 
impurities will remain in the mother solution: 
2RECl3 + 3H2C2O3  RE2(C2O4)3↓+ 6HCl 
Since the separation factors between adjacent REEs are small, it is necessary to repeat the 
separation as well as precipitation processes to obtain highly purified individual REEs. A 
multistage counter-current extraction process is used for separation of REEs. It leads to a 
consumption of huge amounts of acid and sodium hydroxide. As an example, to obtain all the 
individual REEs from the ion-adsorbing concentrate containing 1 tonne of REO, about 10 
tonnes of hydrochloric acid (30 %), 2 – 3 tonnes of NaOH and 15 – 20 tonnes of water are 
required (Liao et al., 2013). 
In order to reduce the chemical consumption as well as the waste pollution, the hyperlink 
extraction technology was developed, with which the chemical consumption could be reduced 
by nearly 30 % (Yan et al., 2006). The key idea of the hyperlink extraction technology is using 
the RE-loaded extractants and RE-containing water as substitutes for the saponified extractant 
and the stripping acid, respectively. The saponified organic phase can be used continuously in 
a few extraction sections before it requires regeneration.  
A computing simulation system – the so-called “Expert System” – is being developed in China. 
This simulation system can simulate the extraction process and provide all the optimised 
parameters of the extraction conditions (Yan et al., 2006).  
  
3.3.  Environmental impact of REE mining and processing 
There are many environmental issues associated with REE production processes. Figure 34 
presents a simplified diagram of the proposed wastes and tailings treatment processes that 
highlights potential environmental risks and potential contaminants in hard rock and placer 
mining and processing. Wastes from the mining stage include waste rock, waste water and 
tailings. Wastes from processing include solid waste and liquid waste. Both mining and 
processing generate waste gases. 
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Figure 34: Simplified diagram of the proposed wastes and tailings treatment process   
Source: Elaborated by the author  
 
Environmental impact of mining operations  
In the mining stage, open-pit and underground mining often involve removal of the overburden 
material as well as the waste rock. Especially in open-pit mining, the vegetation and the soil 
above the ore deposit are first removed. The volume of waste is usually much higher than in an 
underground mine. These wastes, sometimes containing significant levels of toxic substances, 
are usually deposited on-site at the mine and are exposed to rain water, such that toxic 
substances are washed out to seep into the soil and water body. If there is a lack of 
environmental controls, it can lead to contamination of the surrounding soil and groundwater, 
especially in placer deposits associated with watercourses or beaches. Besides waste rock, the 
primary wastes associated with placer mining include mine water. Because placer mining often 
occurs within a streambed, large quantities of sediment can be released during the mining 
operation, leading to environmental impacts on the surface water downstream of the placer 
mine. 
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Environmental impact of tailings   
The major environmental risk in the extraction process is associated with the treatment and 
disposal of the tailings (Schüler et al., 2011). During the beneficiation processes, a large number 
of chemical materials are used, leading to waste discharges to both air and water. The tailings, 
containing fine particles from milling, wastewater, process chemicals (e.g. fluorides, sulphides, 
acids), and hazardous heavy metals (e.g. arsenic, barium, beryllium, cadmium, copper, lead, 
manganese, zinc, thorium and uranium) are stockpiled in a large impoundment. The 
impoundment areas are exposed to weathering and have the potential to contaminate the air, the 
soil, and both surface and groundwater if not properly controlled and managed. During periods 
of heavy rain, the surface water of such impoundments can overflow and run off from the 
impoundment. When tailing impoundments fail, large quantities of toxic water can be released 
to the surrounding soil and surface water, resulting in serious long-term environmental damage. 
Additionally, if adequate groundwater protection operations or leak-proofing are not utilised, 
the impoundment water can easily penetrate into the groundwater to contaminate surrounding 
groundwater resources.  
Radioactive waste   
In most REE deposits, the main environmental concern is the association with significant 
concentrations of radioactive elements: uranium and thorium. 238U, 232Th and their decay 
products can present a threat to human health and the environment if the concentration of these 
elements exceeds safety standards. According to the IAEA Safety Guide on the Application of 
the Concepts of Exclusion, Exemption and Clearance, “…if the radionuclides of natural origin 
at activity concentrations below 1 becquerel per gram (Bq/g)10 for radionuclides in the uranium 
and thorium decay series and below 10 Bq/g for 40K states, it is usually unnecessary to regulate 
material…” (IAEA, 2004). Concentrations of 232Th contained in REE-bearing minerals range 
from a few to several hundred Bq/g. During the extraction of minerals from the earth’s crust 
and subsequent physical and chemical processing, radionuclide concentrations in rare earth ores 
arise that may exceed those in the original mineral or raw material. Where the active 
concentrations in these waste streams increase significantly and exceed the levels for exempt 
waste as recommended in the Safety Guide (often referred to as Naturally Occurring 
Radioactive Material (NORM) and Technologically Enhanced Naturally Occurring Radioactive 
Material (TENOM)), radiation protection measures for workers and other stakeholders (i.e. the 
public) are necessary. It is suggested that the average dose received by a worker should not 
                                                 
10 Becquerel (Bq): The International System of Units (SI) derived unit of radioactive activity. It is defined as the 
quantity of a given radionuclide in which one atom is transformed per second. 
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exceed the range of 1 – 8 mSv/a11, with a higher exposure being possible where controls are 
inadequate (IAEA, 2006). 
After the beneficiation process, the radionuclides remain partly in the tailings and partly in the 
concentrate that enters the subsequent processing steps. The activity concentrations during 
mining and processing vary according to the type of feedstock. Ore containing monazite 
generates the most highly active residues. The removal of radium and lead results in residues 
with high activity concentrations of 228Ra and 226Ra. In addition, thoron and radon can be 
released in grinding and caustic leaching processes (IAEA, 2011). 
Thorium and uranium can be produced as co-products. However, the utilisation of thorium is 
still very limited. Most thorium ends up in long-term storage or is permanently disposed of. The 
separation, treatment and disposal of radioactive materials are related to high environmental 
and human health risks (Golev, 2014).  
One example related to the health and environmental hazards of radioactive wastes from REE 
production is the joint venture project Asian Rare Earth (ARE) plant in Bukit Merah in Malaysia. 
ARE was built by Mitsubishi in the 1980s for extraction of yttrium from monazite. During the 
operation, radioactive wastes were disposed of in a dump site near Panpan, whereby workers 
and local citizens were exposed to high levels of radiation. This caused severe birth defects and 
leukaemia among the residents of Papan. In 1992, ARE was shut down, and Mitsubishi spent 
more than 100 million dollars for the clean-up. Some 32 years after the ending of operations at 
the ARE plant, Mitsubishi is still cleaning up radioactive waste in Papan (Bradsher, 2011). 
Impacts on air quality 
Airborne emissions occur in each stage of the REE production process. The main sources of air 
pollution in REE mining and extraction processes are: 
 Dust particles containing thorium or other radioactive substance and toxic heavy metals 
are transported by the wind from mining operations, such as excavations, blasting, 
transportation of ore materials, waste rock stockpiles, and tailings. 
 Possible emissions from the further processing process are summarised in Table 18: 
  
                                                 
11 Sievert (Sv): The special name for the SI unit of dose equivalent. 1 Sv = 100 rem 
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Table 18: Emissions in the processing of REEs 
Emissions Related processes 
Sulphuric acid mist (H2SO4) 
Sulphur trioxide (SO3) 
These emissions stem from heating the ore concentrate with 
sulphuric acid to temperatures beyond its boiling point  
Sulphur dioxide (SO2) These emissions arise from the reduction of sulphuric acid 
and have very different chemical and biological properties to 
those of the trioxide, so they have to be considered separately 
Hydrogen fluoride (HF) These emissions stem from the ore concentrate, where 
fluorides are cracked and converted to HF 
Particulate Matter (PM) These particulates arise from insoluble and un-cracked parts 
of the ore concentrate or from the incomplete combustion of 
gas. These (generally) small particulates are carried away 
with the gas stream (CO2, acid vapour, combustion gases)  
Source: modified by the author from Schmidt, 2013  
 Gas emissions from the combustion of fuels to generation power, especially in energy-
intensive separation and refining stage.  
 
Health risks of REEs  
The toxicity of the REEs themselves and their impact on human health are not yet well 
understood. There are several epidemiological studies that document the health risks caused by 
the concentration of REEs in the human body. For instance, REEs can accumulate in the liver, 
heart, and lungs, and prolonged exposure has been associated with lung problems such as 
interstitial lung disease or pneumoconiosis (U.S. Environmental Protection Agency, 2009). 
REEs can also accumulate in the human brain through blood circulation, which can induce 
neurotoxic effects. Long-term ingestion of low dose REEs can decrease the intelligence 
quotient of children and hinder the conduction of the adult nervous system (Fan et al., 2004; 
Chen, 2005). In addition, REEs can accumulate in the bone structure, and long-term intake of 
low dose REEs may lead to changes in the bone tissue and increased bone marrow micronucleus 
rates and, further, to the generation of genetic toxicity in bone marrow cells (Chen and Zhu, 
2008).   
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3.4. Case study  
3.4.1 The Bayan Obo mine 
The Bayan Obo iron-niobium-REE deposit is the largest REE deposit in the world. The main 
product is iron ore, while LREEs are by-products. Iron and REEs are mainly mined in two 
mining areas, namely the Main Mine and the East Mine (see chapter 2.3.1.1). The two mines 
are about 1,520 × 1,080 m and 1,400 × 1,020 m in area, respectively (Figure 35). The annual 
production of ore is expected to be 10 Mt/a, but is declining year by year. Mining in the West 
Mine started in 2006 to produce iron and niobium. The mine area is 4,600 m long and 1,000 –
1,200 m wide. The annual production of ore is 3 Mt/a. Sprinklers are used to spray water 
regularly to mitigate dust at the mining site and to reduce the dust containing radioactive 
elements. About 10 Mt of waste rock are generated annually during mining, which is deposited 
on dumps at the mine site (Wu et al., 2011). The ore from the open pits is crushed on site at 
Bayan Obo. The crushed ore is then transported by train to Baotou Iron and Steel Plant (Group 
ltd)12 (BTISP) in Baotou for further processing into concentrates.  
 
Figure 35: Bayan Obo open-pit mine, a: Main Mine; b: East Mine  
Source: Author’s own photographs taken in June, 2012 
Beneficiation 
The main rare earth minerals of the ore are bastnäsite, monazite, and mixed minerals of 
bastnäsite and monazite. The ore also contains barite, fluorite, calcite, silicates, magnetite and 
hematite. It is very difficult to separate the rare earth minerals from the other minerals due to 
                                                 
12 Baotou Iron and Steel Group (BTISP) or Baogang Group was founded in 1954 and reorganised in 1998. It is 
the largest steel enterprise in Inner Mongolia. The output of REO accounts for some 40 % of the domestic market. 
Source: http://www.btsteel.com/ 
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similar properties of gangue minerals and REE minerals. Table 19 shows the properties of 
bastnäsite, monazite and the main gangue minerals of Bayan Obo ore.  
Table 19: Properties of the main minerals in Bayan Obo Ore 
Mineral 
Molecular 
formula 
Proportion in 
Bayan Obo Ore* 
Density Magnetic 
susceptibility 
µcm3/g 
Magnetic 
field Strength 
105 A/m 
Bastnäsite RECO3F 
8.15 % 
4.72 ~ 5.12 12.59 ~ 10,19 6.05 ~ 7.96 
Monazite REPO4 4.79 ~ 5.42 12.75 ~ 10.5 6.05 ~ 7.00 
Barite BaSO4 1.28 % 5.5 < 1 17.5 
Fluorite CaF2 15.02 % 3.18 2.5 / 6.6 15.36 
Calcite CaCO3 
18.05 % 
2.7 ~ 2.9 < 1 15.36 
Dolomite CaMg(CO3)2 2.7 ~ 2.9 < 1 15.36 
Apatite Ca5(PO4)3(FCl) 4.37 % 3.25 5 15.36 
Hematite Fe2O3 1.82 % 5.2 421.65 2.39 
Magnetite Fe3O4 44.32 % < 5.2 > 50,000 0.16 
Source: Xu, 2005; *Song and Wang, 2012 
In the 1990s, a beneficiation process combining magnetic separation and froth flotation was 
developed for Bayan Obo ore. The detailed process flowchart of the processing is shown in 
Figure 36. The ores are milled into < 0.074 mm particles (90 % of the ore). The magnetite and 
hematite are then separated by low-intensity magnetic separation techniques, followed by high-
intensity separation. The non-magnetic tailings, which contain 9 – 12 % REO, are further 
processed by froth flotation with one stage of rougher and two of cleaning. The collector H205 
(2-hydroxyl-3-naphthyl hydroximic acid), the depressant sodium silicate Na2SiO3 and pH 
regulator Na2CO3 are mostly used as the main reagents in the rare earth flotation process at 
Bayan Obo. After one stage of rougher flotation and two stages of cleaning, the 60 % REO 
concentrates are obtained at a recovery rate of > 70 % (Zhu and Zhou, 2009; Xu, 2005; Che, 
2006; Gupta and Krishnamurthy, 2005).  
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Figure 36: Flow-sheet of the beneficiation process of Bayan Obo ore  
Source: Gupta and Krishnamurthy, 2005; Navarro and Zhao, 2014 
Decomposition processes for the mixed-type REE concentrate from Bayan Obo 
The decomposition process at the BTISP is complicated due to the fact that the concentrate after 
beneficiation contains a mixture of bastnäsite and monazite, and high levels of phosphorus and 
iron. Two methods are used for Bayan Obo concentrates: the acidic and the alkaline methods.  
Acid-Alkaline method: the concentrate is first treated to eliminate calcium fluoride, and then 
leached with hydrochloric acid to dissolve part of the rare earth content, yielding rare earth 
chlorides in solution. 
Rare earth fluorides and monazite are carried in a fusion cake. This is digested at high 
temperatures with 20 – 50 % NaOH to convert the phosphate and fluoride into water-soluble 
salts and the rare earths into hydroxides, which are separated and dissolved to obtain rare earth 
chlorides. The rare earth chloride solution is purified by precipitating and removing the 
impurities. The purified rare earth chloride can either be evaporated to obtain solid rare earth 
chloride or treated using solvent extraction to obtain a major part as light rare earth chloride 
with a minor concentration of HREEs for further separation into individual REEs (Xu, 2005; 
IAEA, 2011). 
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The advantage of the alkali method is its relatively clean treatment compared with the acid 
method, as it produces less waste gases. However, the process is intermittent rather than 
continuous, and alkaline consumption is very high. The radioactive thorium is not recovered. 
This method is only used for 10 % of the REE production in Baotou (Xu et al., 2012). 
Acidic method: The main methods are acid methods with sulphuric acid. The treatment process 
of the acidic method is illustrated in Figure 37. Bastnäsite and monazite concentrates are fired 
at 400 ~ 500°C in concentrated sulphuric acid. The REEs and other minerals are precipitated as 
sulphates. The basic reactions are as follows: 
Bastnäsite: 2REFCO3 + 3H2SO4  RE2(SO4)3 + 2HF  + 2CO2 + 2H2O2 
Monazite: 2REPO4 + 3H2SO4  RE2(SO4)3 + 2H3PO4 and 
    Th2(PO4)4 + 6H2SO4  3Th(SO4)2 + 4H2PO4 
The sulphates are then leached in water and filtered to remove the impurities. MgO or CaO are 
added in the firing process to stabilise fluorine in the leaching residue. The leach solution 
proceeds to leaching with hydrochloric acid and the solvent extraction agent Di-(2-ethylhexyl) 
phosphoric acid (P204). Alternatively, the leach solution can be precipitated with ammonium 
carbonate to produce rare earth chlorides. Compared with process A, the recovery rate of 
process B is lower and it consumes more chemical materials.  
 Sulphates: RE2(SO4)3 + 6NH4HCO3  RE2(CO3) 3 +3(NH4)2SO4 + 3CO2 + 3H2O 
 Acid leaching: RE2(CO3)3 + 6HCl  2RECl3 + 3H2CO3 
In process A, REE chlorides (RECl3) as well as a few individual REE oxides are produced. The 
acidic method is used for 90 % of the REE products in Baotou due to the following advantages 
(Huang et al., 2005): 
 The recovery rate of REEs is relatively high, 
 REEs are separated directly by solvent extraction from sulphate solution without 
saponification, so that the production costs as well as the waste water (containing 
ammonium) are low, 
 The process is simple and easily controlled, 
 The content of impurities is low. 
However, the acidic method has many disadvantages. The radioactive element thorium is 
converted to thorium phosphate (ThP2O7), which cannot be recovered. Moreover, the 
equipment used during firing is easily corroded. The process generates a large volume of waste 
gas. In order to improve the environmental standards, a series of new acidic methods are being 
developed. For instance, a new method with a low firing temperature (150 ~ 330°C) is now 
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applied. After water leaching, the solution is leached with primary amine N1923, from which 
95 % of the thorium can be recovered (Huang, 2011).  
 
Figure 37: Treatment process of the acidic decomposition method for Bayan Obo rare earth 
concentrates  
Source: Huang, 2011 
 
Environmental impact of REE production  
The main product of the Bayan Obo mine is iron ore, and REEs are only a by-product. The 
annual production of iron ore and REE concentrate is around 4.5 Mt and 100,000 tonnes, 
respectively. After years of exploitation, the rare earth resources are now depleted. The recovery 
rate of REEs as by-products is very low, and thorium is not recovered at all. 
The high REE production combined with limited environmental regulation has resulted in 
significant environmental damage to the areas surrounding the mining and processing 
operations. The wastes are generated from both the iron and REE production processes, and 
consist of solid waste, liquid effluents and gaseous effluents.  
In the mining stage, the overburden material, the waste rock as well as low-grade mineralised 
rock are removed and piled up in the waste rock dumps. After 50 years of operation at the Bayan 
Obo mine, the mine has produced a total amount of more than 560 Mt of waste rock. A small 
part of the low-grade mineralised rock is used for road construction and for the embankment of 
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new tailings ponds, while the topsoil and waste rock may be returned as backfill after the mining 
operation is finished. In order to reduce airborne dust, water spraying is applied to wet the 
surface of the rock dumps.  
The beneficiation processing process generates about 6.55 Mt of tailings annually, which is 
stored in the Baogang tailings pond (Wu et al., 2011). 80.63 % of the thorium content remains 
in the tailings, and 1.83 % in the REE concentrate (Gao, 2011).  
The production of iron and steel generates blast furnace slag and ferrous slag. Annually, more 
than 3.6 Mt of ferrous slag is produced and stored in a slag dump. After processing and smelting 
of iron and steel, the thorium in the ore remains primarily in the slag, and the 232Th activity 
concentration of the ferrous slag is in the range of about 0.5 – 1.6 Bq/g. An amount of 60,000 
t/a of rare earth slag is generated by rare earth extraction, and is disposed of in the Baotou 
radioactive waste storage facility. The gross alpha activity concentration of the acidic process 
slag is 80 – 200 Bq/g, and it needs to be strictly regulated because of its high radioactivity – the 
material must be stored in the radioactive waste storage facility (Wu et al., 2011).  
The liquid waste generated by the chemical processing process is discharged into the tailings 
pond containing radioactive substances, fluorides, sulphides, acids and heavy metals, the tailing 
are stockpiled in a large impoundment, and its size grows annually. Up to 2010, the 
impoundment covered 11 square kilometres. There is no impermeable barrier at the bottom of 
the tailings impoundment, and drainage water can easily penetrate into the groundwater and 
flow to the Yellow River. An ecological disaster could occur if the highly toxic water and sludge 
flood the surroundings.  
Table 20 shows the radionuclide activity concentration in the process materials. The 232Th 
activity concentrations contained in several mineral concentrates are greater than 1 Sv/g. After 
processing and smelting of iron and steel, iron and steel products contain only traces of 
radioactive elements, as the majority of the thorium remains in the solid slag. In contrast, the 
thorium contents in REE products are still very high. All REE-related concentrates exhibit high 
radioactivity, and need to be strictly regulated. The effective doses received by workers from 
gamma radiation and dust inhalation are smaller than 1 mSv/a. However, the dose from 
inhalation of thoron and radon progeny could be higher than 2 mSv/a.  
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Table 20: Radioactivity content of mineral concentrates, residues and by-products 
 
Thorium 
content (%) 
Radionuclide activity 
concentration (Bq/g) 
 ThO2 Th-232 U-238 
Bastnäsite concentrate 0.15 – 0.22 5.3 – 7.8 – 
Monazite concentrate  0.17 – 0.40 6.1 – 1.4 – 
Bastnäsite-monazite concentrate 40 % 
REO 
0.28 10 – 
Bastnäsite-monazite concentrate 60 % 
REO 
0.2 7.1 – 
Rare earth concentrate 0.2 7.1 – 
Iron concentrate 0.0073 0.26  
Concentrates (unspecified) 0.27 9.6 0.020 (Ra-226) 
Tailings 0.028 1.0 0.022 
Tailings 0.048 1.6 – 
Ferrous slag from iron and steel 
production 
0.014 – 0.044 0.5 – 1.6 – 
Bricks made from slag 0.006 0.212 0.051 (Ra-226) 
Cement made from slag 0.007 – 0.009 0.24 – 0.33 0.02 – 0.08 
Source: IAEA, 2011 
 
3.4.2  Monazite in placer deposits in India 
Beneficiation  
The highest concentrations of heavy-minerals in beach sand are found in the Manavalakurichi 
and Chavara deposits. The heavy-mineral (HMs) concentrations in both deposit are 70 – 80 %. 
The monazite contents from the HMs in these deposits are 4 – 7 % and 0.7 – 1 %, respectively. 
In these deposits, pre-concentration using wet gravity methods is not required. Monazite, 
xenotime and zircon are directly separated by magnetic or electrostatic methods from other 
conductive minerals (Gupta and Krishnamurthy, 2005). The beneficiation flowchart designed 
to concentrate monazite from Indian Chavra and Manavalakurichi beach sands is provided in 
Figure 38.  
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Figure 38: Flowcharts of beneficiation in placer deposits in India  
Source: Gupta and Krishnamurthy, 2005 
 
Decomposition processes 
The Indian Rare Earths Ltd. Plant at Alwaye in Kerala uses the caustic soda treatment for the 
decomposition of monazite sands, and the process has four major stages (Gupta and 
Krishnamurthy, 2005): 
1. Decomposition of ground monazite with concentrated aqueous caustic soda solution at 
140 – 150 °C. REEs and thorium contained in the ore are then converted into their 
respective hydroxides.  
2. Separation of the insoluble mixed RE-Th-U hydroxides from the dissolved trisodium 
phosphate: The hydroxides-trisodium phosphate mixture is leached with hot water and is 
heated to approximately 90 °C. The slurry is allowed to settle for about 12 h, after which 
the supernatant liquid containing most of the trisodium phosphate and excess caustic soda 
is drawn off and sent to the trisodium phosphate recovery station. The mixture of 
hydroxides is then fed to a vacuum leaf filter and washed to reduce the alkalinity before 
being treated for the separation of rare earths from the thorium. 
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3. Recovery of trisodium phosphate: the solution of trisodium phosphate and the caustic 
soda from the decantation tanks is filtered and fed to a vacuum for crystallisation. In the 
crystalliser, the solution is cooled in two stages from about 70 °C to 20 °C, at which 
temperature most of the trisodium phosphate crystallises out. The dry trisodium 
phosphate contains approximately 19 % P2O5. 
4. Separation of REEs from thorium by leaching with hydrochloric acid: The washed 
hydroxide cake is treated with hydrochloric acid. REEs are dissolved in the slurry while 
the thorium remains undissolved. The slurry containing REEs is then filtered and used to 
produce RE chloride.  
 
Separation 
In India, solvent extraction has been used for the separation of groups of REEs from rare earth 
chloride solution obtained from the chemical treatment of monazite. The REEs in the solvent 
are stripped with HCl, and HREEs are recovered as carbonates. Subsequent extraction steps 
using an organophosphonic acid solvent separate the individual REEs Sm, Eu and Gd, leaving 
residual LREEs in the aqueous phase. Further extractions with varying molarity preferentially 
extract Nd, leaving residual La and Ce in the raffinate. High-purity cerium compounds are then 
produced by repeated fractional precipitations and extractions of the Ce-rich component (IAEA, 
2011). At the Alwaye Plant of Indian Rare Earths Ltd., solvent extraction with organophonic 
acid was used for a quick initial concentration of the HREEs and for the production of 
concentrates of various individual REEs such as Sm, Eu, Gd, and Y with purities ranging from 
60 – 95 %.  
 
3.4.3 Ion adsorption clays (South China) 
As described in chapter 2.3.2.3, the ion adsorption clays are a specific type of REE deposit. 
They have the following characteristics: 
 The content of REE is very low 
 The relative content of HREEs is higher than that of LREEs 
 The contents of thorium and uranium are very low 
 The ore bodies are situated near the surface, and are 3–10m thick. 
According to these characteristics, three main leaching technologies are applied for the 
extraction of REEs: bath leaching, heap leaching and in-situ leaching.  
Bath leaching is carried out in a cement bath, which is 12 m2 and with 10 – 18 m3 of ore-placing 
volume. The ores are exploited by opencast mining, and then transported to the leaching area. 
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Ammonium sulphate (1 – 4 % of (NH4)2SO4) is used as the leaching reagent. After precipitation 
with oxalic acid and firing, REO can be obtained with a 92 % recovery rate. 
Heap leaching is a technique where the ore is piled in a heap under consideration of the terrain 
of the mine, and leached with a leaching reagent under atmospheric conditions. The surface of 
the heap should be smooth and with a slope of 1 – 6 %. The leachate is collected after leaching 
in cofferdams, which are built up around the heap. 
Bath and heap leaching technologies are simple and easy to operate, with low levels of 
investment. The ores are mined from open pits and sent directly for chemical decomposition 
without beneficiation processes. However, both leaching technologies have huge environmental 
impacts on the mining area. These include deforestation, removal of the overburden and 
transportation of the ore. It is indicated that for producing one tonne of REOs, 200 – 800 m2 of 
the surface area should be exploited. Removal of vegetation leads to increasing frequency and 
magnitude of local flooding and other geological disasters during storm periods (Chi and Tian, 
2008).   
Since the 1980s, in-situ leaching has been used in the exploitation of many ion adsorption 
deposits in southern China. Instead of damaging the surface, a chemical solution with chemical 
solvent components is injected directly into the ore body in situ, and the rare earth minerals are 
leached out selectively. Processing of ion adsorption clays is relatively simple compared to the 
processing of hard rock ores. 
Firstly, ammonium sulphate (NH4)2SO4 is injected in leaching holes with a diameter of 0.8 m, 
a depth of 1.5 – 3 m and at a distance of 2 – 3 m between leaching holes. REEs in ion adsorption 
deposits are mainly adsorbed by the clay minerals, such as kaolinite, halloysite etc. They often 
exist in the form of ions. These REE ions on the clay mineral surface are exchanged with more 
active NH4+ cations, and diffused into the REE leachate, which can be collected in the collection 
channel. The ion-exchange reaction equation can be shown as follows (Chi and Tian, 2008; 
Yang, 2013): 
[Al4(Si4O10)(OH)8]𝑚⋅nRE(3)
3++3nNH4(aq)
+ =[Al4(Si4O10)(OH)8]𝑚⋅(NH4
+)n(s)
3+ +nRE(𝑎𝑞)
3+  
After the leaching reagent is injected, the RE leachate is pushed out by water and the RE mother 
liquid is recycled completely. The concentration of REEs in the leachate is still very low (only 
about 0.5 – 2 g/L). The leachate contains high quantities of impurities, such as aluminium, 
magnesium, iron, silicon etc. Subsequently, the leachate is precipitated with ammonium 
bicarbonate (NH4)HCO3 to remove impurities and to increase the concentrate rate of REEs. 
REE ions precipitate into RE carbonate. Since leaching is quite selective, very few impurities 
are present in the solution, which is then used as a feed material for individual rare earth element 
separation. After firing of the RE carbonate, REOs with 92 – 95 % purity can be obtained (Chi 
and Tian, 2008; Li et al., 2012). The process is illustrated in Figure 39. 
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In further separating processes, the concentrates are leached in hydrochloric acid (HCl), and 
extracted in a P507 system. The individual REEs are then successively separated (see chapter 
3.2.3).  
 
Figure 39: Flowcharts of in-situ leaching technology applied in South China  
Source: Chi and Tian, 2008 
Environmental impact  
The ion adsorption clay deposits in Southern China are free from radioactive elements, and are 
mined by leaching methods. Traditional opencast mining and bath/heap leaching technologies 
have been used for many years. As mentioned at the beginning of this chapter, using these 
traditional technologies leads to huge environmental damage due to the destruction of 
vegetation. Moreover, a significant environmental issue with leaching methods is that of high 
residuals of strong chemical reagents such as ammonium sulphate, acids, as well as heavy 
metals in mine tailings and waste water. The leaching baths are all constructed on mountainsides, 
and the overburden and tailings after the leaching process are also piled on the mountainside. 
It is estimated that to produce 1 tonne of REOs, 2,000 tonnes of tailings are disposed of into 
adjacent valleys and steams, and 1,000 tonnes of wastewater is produced (Su, 2009). As a result, 
the surface mining and bath and heap leaching of REOs has become the dominant driver of 
environmental degradation in Southern China, due to soil erosion, permanent destruction of 
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ecosystems, and biodiversity loss. In June 2011, the Chinese government enforced a ban on 
surface mining and bath/heap leaching. Unfortunately, illegal mining and smuggling are 
widespread in Southern China, which exacerbates the environmental problem. Due to the 
relatively simple extraction process of ion adsorption ore using bath/heap leaching techniques, 
there are poorly constructed illegal mines which have severely depleted local resources and 
contaminated soil and water. 
Compared with bath and heap leaching, ISL technology is advanced in terms of reducing 
damage to vegetation and eliminating soil excavation. However, the ISL has many 
disadvantages: 
 The ISL injection process is difficult to control  
 The utilisation ratio of REE resources is very low  
 The process places high requirements on the geo-condition of the ore-body, especially 
the hydrogeological structure and infiltration properties of mining areas   
 Improper injection can lead to landslides on mountains. 
The implementation of ISL can also lead to serious environmental problems. If the deep water-
resisting layer under the floor of the ore-body has larger fractures and leakage, it can result in a 
very low recovery of REEs and massive groundwater contamination (Yang et al., 2013). In 
addition, surface vegetation and plants surrounding the leaching holes could be destroyed by 
emission of the leaching reagent solution (Chi and Tian, 2008).  
 
3.5.  World REE production  
Commercial production of REEs began in the 1880s for the production of the incandescent 
lamp mantle. REEs were produced in minor amounts from small deposits in granitic pegmatite 
(Castor and Hedrick, 2006). From the beginning of the REE industry until 1965, monazites 
from placer deposits were the major source of REEs. India, Brazil and the United States were 
the main producing countries until the late 1940s, when Australia and Malaysia started RE 
production. From 1965, the main source of the world’s REEs was Mountain Pass, California. 
Bastnäsite production exceeded monazite production. Concurrently, the ion exchange and 
solvent exchange separation methods were used for the industrial production of REEs. 
Individual REEs were then commercially available (Su, 2009). Until 1985, the United States 
was the leading producer followed by Australia with heavy mineral sands from placers, then 
China, the former Soviet Union, India, Brazil, Malaysia and few other countries (Gupta and 
Krishnamurthy, 2005). In the 1970s, China started to develop its REE industry. However, the 
production was expensive and the purity of the REE products was very low. In the early 1980s, 
the chemist Professor Xu Guangxian developed a cheaper method for separating individual 
REEs, enabling Chinese separation plants to achieve high-purity production. China rapidly 
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became the world’s largest producer. However, the cheap production costs and high profit in 
the rare earth business in the 1990s attracted many producers into the REE industry, including 
illegal producers. Between 1990 and 2000, China’s production increased over 450 % from 
16,000 tonnes to 73,000 tonnes. Chinese REE producers were struggling to maintain 
profitability under fierce competitive pressure, with REEs selling below their intrinsic value. In 
2002, the Mountain Pass mine was closed due to environmental problems and Chinese 
competition, whereas only the separation of REEs from stockpiles was continued until 2007 
(Wübbeke, 2013; Morrison and Tang, 2012). Since then, China has dominated global 
production of REEs. According to estimates from the USGS, world REE production for 2014 
was 110,200 tonnes, and China was responsible for 86 % of global supply in 2014. From 2013, 
China’s market share has fallen – it stood at 93 – 97 % from 2002 to 2012. However, for HREEs, 
China’s market share is still 99 %. China is also the main producer of the two types of permanent 
magnets: 75 % of neodymium iron boron (NeFeB) and 60 % of samarium cobalt (SmCo) (EU 
Commission, 2015). Global REE production from 1985 to 2014 is illustrated in Figure 40.  
 
Figure 40: Global production of REEs from 1985 to 2014  
Source: Compilation by the author based on data from China Rare Earth Information Net (CRE), and 
USGS  
The advantage of the Chinese rare earth industry is not only its share of approximately 44 % of 
the world’s total reserves (USGS, 2015). China also has various deposit types containing a 
relatively complete range of REEs. After 30 years of development, China has established a 
complete industrial system including mining, processing, separating and manufacturing, which 
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was developed in three major rare earth production areas: the two LREEs production areas in 
Baotou, Inner Mongolia and in Mianning (Liangshan) in Sichuan; and the HREEs production 
areas in southern China with the centre in Ganzhou in Jiangxi Province. A complete system of 
research and development has also been achieved, following four key laboratories have been 
established focusing on rare earth research: the State Key Laboratory of Rare Earth Materials 
Chemistry and Application affiliated with Peking University in Beijing, the State Key 
Laboratory of Rare Earth Utilization affiliated with Changchun Institute of Applied Chemistry, 
the Baotou Research Institute of Rare Earths, and the General Research Institute for Nonferrous 
Metals. However, the rapid development of the rare earth industry also led to production 
overcapacity, inefficient production, fast depletion rates of resources, and environmental 
degradation. Since the early 1990s, the Chinese central government has implemented a series 
of policies to regulate REE production, export and stabilise REE prices. From 2006, the export 
quota began to decrease year on year. However, due to the lack of supervision by government, 
and especially local governments, China’s rare earth industry developed differently to what was 
officially planned. The actual RE production volume has been significantly higher than the 
target. The annual production, export volumes and production quotas are provided in Figure 
41. In 2009, approximate 129,000 tonnes of REOs were produced, 52 % higher than the 
production quota provided. Additionally, illegal mining and smuggling is widespread in China, 
which exacerbates the environmental problem. Especially in Southern China, due to the relative 
simple extraction processes of ion adsorption clays, there are poorly constructed illegal mines 
which have severely depleted local resources and contaminated soil and water. According to 
the export statistics of China’s customs, China exported 18,600 tons of rare earths in 2011. At 
the same time, more than 21,000 tonnes were smuggled (Information Office of the State Council 
of China, 2012).  
In 2009, the Chinese government implemented a comprehensive series of regulations and 
standards, including levying higher resource taxes and enforcing stricter environmental 
standards; consolidation and restructuring of the rare earth industry and developing clean rare 
earth production technologies and processes; cracking down on illegal REE operations. After 
the export quota dropped in 2010 by 37 %, many industrialised countries such as the US, Japan 
and EU member states identified REEs, and particularly HREEs, as critical materials due to 
their importance for their economies and because of possible supply shortages. In 2012, the 
United States, the European Union and Japan complained to the World Trade Organisation 
(WTO) and requested that the Chinese government abandon restrictions on the export of REEs, 
tungsten and molybdenum. The complainants argued that China used the restrictions to develop 
downstream industries in China. China, however, argued that the restrictions were related to 
conservation of its exhaustible natural resources and to protection of the environment in mining 
and processing areas. In August 2014, China lost an appeal to the WTO. As a result, the Chinese 
government officially abolished the export quotas for rare earths, tungsten and molybdenum on 
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December 31st, 2014. The rare earth export tariffs in the range of 15 to 25 % have been also 
eliminated as of May 2015. Instead of a quota system, an export licensing regime will be 
implemented to regulate rare earth exports. According to the Ministry of Commerce 
announcement No.94 (2014), a total of 75 kinds of rare earth production operations would be 
required to apply for export licenses, including 53 of rare earth compounds; 16 of rare earth 
metals; 3 of rare earths alloys, and 3 of rare earth minerals (MOFCOM, 2014). New resource 
taxes for rare earths have been set replace the rare earth export tariffs: tariffs for LREEs have 
been set at 11.5 %, 9.5 %, and 7.5 % in Inner Mongolia, Sichuan Province, and Shandong 
Province, respectively, while for HREEs, it is generally set at 27 % (State Administration of 
Taxation of the Peoples’s Republic of China, 2015). China will further strengthen the regulations 
on the rare earth industry, including cracking down on rare earth smuggling, cutting 
overcapacity, and reforming the resource tax. All rare earth enterprises engaged in rare earth 
mining, processing, separating, utilisation and recycling will be integrated into six rare earth 
groups: Baotou Steel Group, China Minmetals, Chinalco, Guangdong Rare Earth Corp, 
Ganzhou Rare Earth Group, and Xiamen Tungsten in 2015.  
 
Figure 41: Production, export quotas and volume in China 
Source: Elaborated by the author according to announcement of Ministry of Industry and Information 
Technology of China (MIIN) from 2009 - 2015 
While China’s rare earth industry is in a phase of consolidation, industrialised countries have 
begun to search for alternative REE supplies outside China. In 2010 and 2011, 381 REE 
exploration projects started (Hatch, 2011). Many potential rare earth mining projects are 
currently in different stages of development. The most advanced mining projects are the 
restarted Mountain Pass mine by Molycorp Minerals and the Mount Weld mine in Australia by 
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Lynas Corporation Ltd. (processing in Malaysia, LAMP). In 2014, Molycorp and Lynas 
produced 7,000 t and 2,500 t of REEs, respectively. An oversupply of LREEs on the global rare 
earths market is to be anticipated. In contrast, for HREEs such as europium, terbium, 
dysprosium and yttrium, shortages are expected for the next several years. HREEs are essential 
for downstream applications, but the production of HREEs is still concentrated in Southern 
China. 
 
3.6.  REE applications and demand  
After refining, the individual REEs in high purity are used in different products and product 
components. Although they are often used in small quantities, REEs have a wide variety of uses, 
such as for permanent magnets in motors and power generators and in rechargeable batteries 
for hybrid and electric vehicles. Catalysts, glass and polishing, and phosphors for colouring 
television and flat panel displays are further REE applications. Additionally, REEs are also used 
in aerospace technologies and national defence. In these applications, REEs play a vital role in 
environmental protection, improving energy efficiency and enabling digital technology. Table 
21 presents the major applications of individual REEs and the market share of the applications 
from 2012. The total global demand for REOs in 2012 was 113,250 tonnes. The application of 
REEs in permanent magnets represents the highest-value market sector. In 2012, permanent 
magnets accounted for approximately 20 % of the REE market by volume. The second major 
application of REEs is in catalysts, which accounted for 20 % of REE consumption. Around 
19 % of REEs were used in metallurgical alloys and batteries. 15 % of REEs were used in 
polishing compounds. The share of REE phosphors was only 8 %.  
In terms of demand for individual REEs, as shown in Figure 42, the highest demand is for 
cerium, driven by metallurgy, polishing and catalyst. Demand for lanthanum amounts to 28 %, 
as it is mostly used in fluid cracking and metallurgy, including batteries. Demand for 
neodymium accounted to 18 %, with its main application being the permanent magnet. Together, 
the demands for these three elements accounted for 86 % of global REE demand in 2012. 
However, the volume proportions of HREEs are relatively small, though the price of HREEs is 
much higher than those of LREEs. The prices of all individual REEs will be further presented 
in chapter 4.1. The volume of demand for individual REEs is provided in Appendix 2.   
Based on consumption estimation by country, China presents not only the biggest supplier, but 
also the biggest consumer of REEs, accounting for 70 % of global demand in 2014, followed 
by Japan (15 %) and the USA (10 %). European countries and other countries account only 5 % 
of the global demand (Figure 43).    
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Table 21: Applications of REEs and global REO demand in 2012 
Sector Principal 
REE used 
Applications Demand 
(tonnes 
REO) 
Market 
share 
Permanent 
Magnets 
Nd, Pr, Tb, Dy, 
Sm 
Motors, power generation, disc 
drives, actuators, microphones and 
speakers, automotive parts, 
communication systems, electric 
drives, magnetic refrigeration  
23,000 20 % 
Metallurgy 
/ batteries   
Ce, La, Pr, Nd, 
Sm, Sc, Y 
Hydrogen storage, NiMH batteries, 
steel, iron superalloys, aluminium / 
magnesium alloys 
22,000 19 % 
Catalysts Ce, La, Pr, Nd, 
Y 
Catalytic converters, chemical 
processing, diesel additives, 
petroleum refining 
22,755 20 % 
Polishing  Ce, La, Nd Polishing compounds  17,005 15 % 
Phosphors Eu, Tb, Y, La, 
Dy, Ce, Pr, Gd, 
Nd, Ce, Er, Eu 
Display phosphors, medical imaging, 
lasers, fibre optics, fluorescent 
lighting, optical sensors, pigments, 
LEDs 
9,900 9 % 
Glass La, Ce, Pr, Nd, 
Eu, Gd, Dy, 
Ho, Er, Y 
Optical glass, UV-resistant glass, 
thermal control mirrors, colourisors 
7,750 7 % 
Ceramics Y, Ce, La, Pr, 
Nd 
Capacitors, sensors, colourants, 
scintillators 
3,590 3 % 
Other Various REEs  Water treatment, fertiliser, medical 
tracers, coatings, nuclear reactors 
7,250 6 % 
Total   113,250 100 % 
Source: Compiled by author according to Wall, 2013; EU Commission, 2015 
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Figure 42: Demand for individual REEs  
Source: Completed according to EU Commission, 2015 
 
 
Figure 43: Forecast rare earth supply and demand by major regions, 2014 (%)  
Source: Roskill, 2014 
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3.6.1 Permanent magnets 
An increasingly important use of REEs is in permanent magnets, accounting for 30 % of total 
REE consumption in 2013. Two main types of permanent magnets are used: higher performance 
sintered magnets and bonded magnets (EU Commission, 2015). High-performance samarium-
cobalt magnets (SmCo5) were widely used in the 1970s. After the development of neodymium-
iron-boron magnets (Nd2Fe14B, short name: neodymium magnets) by the mid-1980s, 
samarium-cobalt magnets were largely replaced, except in high temperature applications. 
Neodymium-iron-boron comprises a mixture of Nd and Pr (30 %), while small quantities of Dy 
and Tb (3 %) are added to magnets in order to improve the properties and performance of the 
magnet at high temperatures (Schüler et al., 2011). Neodymium-iron-boron is the strongest 
permanent magnetic material 13 . Its magnetic strength is up to 2.5 times greater than the 
samarium-cobalt magnets and 7 – 12 times greater than bonded magnets (Schüler et al., 2011; 
Wall, 2013). Because of their high magnetism, the size of neodymium magnets in applications 
is smaller than other magnets that provide the same performance. In addition, the principal 
component of Nd2Fe14B magnets, iron, is significantly cheaper and more abundant than cobalt.  
Because tremendous growth in wind energy is expected, an increase in demand for neodymium, 
dysprosium and terbium is also forecast. The most important applications of neodymium 
magnets are in the manufacture of wind turbines, in particular in offshore wind turbines, due to 
its advantages in terms of dimension, weight and maintenance. In 2012, about 1,140 tonnes of 
permanent magnets (including 330 tonnes of neodymium and 34 tonnes of dysprosium) were 
used in wind power generation across Europe. Around 360 – 400 kg of neodymium magnets 
per MW electricity are used in wind power generation (Mroueh et al., 2014).  
Neodymium magnets are also used in microphones and speakers for consumer devices, as well 
as in hard disks and DVD drives. According to estimates by the Schüler et al. (2011), around 
2,150 tonnes of neodymium oxide were used in hard disk devices sold in 2008.  
A new technology using high-performance magnets is magnetic refrigeration, which can save 
up to 50 – 60 % in energy costs in comparison to the traditional compression refrigerating 
technologies (Schüler et al., 2011).  
 
                                                 
13 Mroueh et al., 2014: The outstanding magnetic properties of rare earth based permanent magnets are due to the 
combination of the high magnetic moments of the transition metals (iron, cobalt) and the exchange coupling 
between these magnetic moments with those of the rare earths. This coupling results in a high magnetocriystalline 
anisotropy and thus the potential to achieve a coercivity that is comparable to the magnetization.  
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3.6.2 Metallurgy alloys 
REEs have major applications in metallurgical alloys. In 2013, this use accounted for 19 % of 
REE consumption by volume (Table 21). Various REEs are used in metallurgical applications, 
and the main applications are summarised as follows (Schüler et al., 2011): 
 One of the oldest applications of cerium and lanthanum is in pyrophoric alloys for flint 
ignition; 
 Mischmetal (lanthanide-iron-silicon) and cerium are used for the casting of steel and iron 
to improve the stability of the cast product; 
 Yttrium, lanthanum and cerium (typically 0.01 % to 0.2 %) are added to superalloys to 
improve high temperature and/or corrosion resistance performance. These superalloys are 
used in the combustors and exit nozzles of jet aircraft; 
 The addition of REEs to magnesium alloys improves their strength, creep resistance, and 
fatigue properties, especially at elevated temperatures. For instance, the addition of 
Praseodymium increases strength and corrosion resistance, and the addition of 
neodymium increases heat resistance. These alloys are used in the automotive sector and 
in aircraft, as well as in aerospace and military applications; 
 The addition of yttrium and lanthanum to aluminium alloys leads to significant 
improvements in corrosion resistance and heat performance. Scandium-aluminium alloys 
are light-weight alloys that are mainly used in military aviation; 
 REEs are used for the solid-state storage of hydrogen where a metallic matrix of different 
metals absorbs a large amount of hydrogen at room temperature. This procedure is 
preferred to storage as cryogenic liquid or compressed gas in terms of safety, volume and 
energy savings; 
 REEs have supplanted nickel-cadmium (NiCad) technologies and are used in nickel-
metal hydride (NiMH) batteries. A so called “mischmetal” containing lanthanum, cerium, 
neodymium and praseodymium is used in NiMH batteries. These batteries are used in 
several high-growth sectors and applications, namely in hybrid electric vehicles, laptops, 
and portable communication products. Around 2.9 kg of REOs are used in the NiMH 
battery of the most popular hybrid electric vehicle, the Toyota Prius. However, the NiMH 
batteries used in hybrid electric vehicles are facing strong competition from lithium ion 
(Li-ion) batteries, due to the higher performance and faster recharging abilities of Li-ion 
batteries (Schüler et al., 2011).  
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3.6.3 Catalysts 
REEs are widely used for catalysts. The major catalytic application is in fluid cracking catalysts 
(FCCs), which are used in petroleum refining to convert heavy hydrocarbon inputs into lighter 
hydrocarbon fractions. Lanthanum is used to refine crude oil into petroleum, distillates, lighter 
oil products and other fuels and eliminate leaded petrol. Cerium is used on exhaust waste gases 
to reduce pollutant emissions (American Chemistry Council, 2014). These applications are also 
very important for the automobile industry to transform the primary toxic pollutants carbon 
monoxide (CO), unburnt hydrocarbons (HC), and nitrogen oxides (NOx) into nontoxic 
compounds: carbon dioxide (CO2), water (H2O), and nitrogen (N2) (Gupta and Krishnamurthy, 
2005). The global demand for vehicles continues to increase steadily at approximately 3 % per 
year, and particularly strong growth is expected in China (Schüler et al., 2011; Roland Berg, 
2014). The demand for automotive catalysts is therefore expected to increase.  
 
3.6.4 Glass and polishing 
REEs are commonly used in polishing and glass manufacturing. The market shares of these two 
applications are 15 % and 7 %, respectively, of total REE consumption by volume in 2013 
(Table 21). The majority of polished products are large-screen televisions, LCD displays and 
computers. Cerium concentrates and oxides are extensively used in this application (Castor and 
Hedrick, 2006).  
In glass manufacturing, REEs are mainly used for decolouring, colour tinting, increasing 
refractive indexes, colour filtration, and radiation and UV protection:  
 In the decolouring of glass, small amounts of cerium oxide are added to oxidise iron oxide 
impurities, which have a yellow-green colour; 
 Colour tinting in glass is achieved by adding other REE. Neodymium oxide stands for 
red, praseodymium oxide for green, holmium oxide for blue, and erbium for pink. Other 
colours can be obtained by mixing REEs with other metals (Elsner, 2010); 
 Increasing refractive indexes is important for special optical glasses such as camera lenses. 
Gadolinium, ytterbium, and yttrium are used for this application; 
 Colour filtration is important for optical lens applications and glass containers. Different 
REEs are used for the absorption of selective light. For instance, neodymium oxide is 
used for absorbing yellow light, while samarium oxide is used in infrared-absorbing 
glasses. Cerium oxide and neodymium oxide are used in glass containers for the storage 
of foodstuffs, beers and pharmaceuticals (American Chemistry Council, 2014); 
 REEs, mainly cerium components, also have the ability to absorb ultraviolet light. They 
can be used in radiation-shielding windows for the nuclear industry as well as in solar 
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cells. Cerium-doped covers can absorb ultraviolet light and prevent darkening of the solar 
cells (Schüler et al., 2011).   
 
3.6.5 Phosphors 
REEs in phosphors accounted for only 7 % of REE application by volume in 2013. However, 
phosphor is a high-value sector, which accounts 38 % for REE application by value (Kingsnorth, 
2013). The most important uses of REE phosphors are associated with televisions, computer 
screens, visual display devices, and plasma displays. REEs provide a high colour quality in 
these displays: europium-yttrium compounds are used for red colours, terbium-fluoride-zinc 
sulphide for greens and cerium-strontium-sulphide for blues (Schüler et al., 2011; Walters and 
Lusty, 2010).  
REE phosphors are also essential for energy-efficient lighting technologies, such as compact 
fluorescent lamp (CFL), LEDs, and OLEDs. REE phosphors provide high energy efficiency – 
LEDs are 80 % more efficient than incandescent lighting, and 40 % more efficient than compact 
fluorescent bulbs. REEs are also used in the manufacture of fibre optics and lasers. Glass fibres 
containing REEs can transmit data over exceptionally large distances without booster stations. 
REE lasers are increasingly used for medical and dentistry applications (Walters and Lusty, 
2010).  
 
3.6.6 Ceramics 
Ceramic applications accounted only for 3 % of global REE consumption. However, REEs are 
widely used in ceramics manufacturing (Schüler et al., 2011, Walters and Lusty, 2010).  
 Yttrium oxide and cerium oxide are used as stabilisers and sintering additives for ceramic 
materials to improve their strength and toughness. They are also used in the manufacture 
of refractory materials, which are commonly used to produce crucibles;   
 Lanthanum, cerium, praseodymium and neodymium are used in producing temperature-
compensating ceramic capacitors, semiconductors and other components for LCDs and 
electronics; 
 Small amounts of praseodymium, yttrium and neodymium are used in ceramic pigments, 
which are stable at high temperatures. For example, the addition of praseodymium 
produces a yellow colour, yttrium an orange colour, and neodymium a light purple.  
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3.7.  Substitution   
Facing possible scarcities of rare earth resources due to the high concentration of production in 
China, the search for alternatives to substitute REEs has become more urgent. In principle, two 
substitution options are being considered: substitution of REEs by other materials, or 
substitution by other technologies. However, for many applications of REEs, there are either no 
known substitutes, or simply substitutes with significantly lower levels of performance. At the 
time of writing, only substitution in magnets, batteries, and polishing is known to be possible, 
but with loss of performance. Substitution of REEs in phosphors, glass, catalysts and ceramics 
is not yet possible. The REE-containing alloy can be substituted with other magnesium and 
aluminium alloys, but with a reduction in some aspects of performance. The substitution 
opportunities for REEs are summarised in Table 22.  
Table 22: Summary of substitution opportunities for REEs 
Use Substitutes 
Magnets Options exist to reduce or replace neodymium and dysprosium in magnets 
with alternative magnetic materials, and/or substitution through 
alternative motor technologies. However, rare earth magnets are often still 
preferred due to the high performance offered 
Batteries NiMH batteries can be replaced with Li-ion batteries. Li-ion batteries are 
already applied in number of applications, including in hybrid vehicles   
Metallurgy Only small quantities of REEs are used in the metallurgy of iron, steel and 
aluminium alloys. The use of REEs in metallurgy is not essential 
Fluid cracking 
catalysts 
Not easily substitutable 
Automotive catalysts Complete substitution of cerium is not being considered. However, a 
reduction in material use is possible  
Other catalysts Not easily substitutable 
Polishing Some dematerialisation is possible 
Glass Not easily substitutable  
Phosphors (lighting 
and displays) 
Potential for the reduction of the use of terbium and europium is 
considerable. Alternative technologies, such as LEDs, OLEDs and 
quantium dots, are considered as substitute technologies  
Ceramics Not easily substitutable in either construction or electronics 
Chemicals (other) Not easily substitutable 
Other Some of the minor markets have substitutes  
Source: Compiled by author according to EU Commission, 2015  
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The major developments for the substitution of REEs are in these areas: permanents magnets, 
batteries and phosphors: 
 Permanent magnets: In terms of new or alternative magnetic materials, there are still no 
new magnet materials which can provide better performance than neodymium magnets 
(Tercero Espinoza et al., 2013). Samarium cobalt magnets can be considered as one 
substitution option. However, these magnets have only half the magnetic strength of 
neodymium magnets. And the Samarium cobalt magnet is more expensive than the 
neodymium magnet (see chapter 3.6.1). In addition, 40 % of global cobalt production is in 
the Democratic Republic of the Congo, where high environmental and social concerns exist 
with respect to cobalt mining. Cobalt is defined as a “conflict mineral” regulated strictly in 
the “Dodd-Frank Consumer Protection Act” in the USA. The European Union is also 
considering legislation to regulate the import of conflict minerals. High Temperature 
Superconductors (HTS) magnets are able to provide higher magnetic strength than 
neodymium magnets, and are therefore a potential substitution in the longer term. However, 
they are not yet in commercial use. The main substitution approach is through alternative 
technologies: e.g. gear-based wind turbines, synchronous motors and reluctance motors 
with combinations of permanent magnets for the substitution of REEs in automotive 
motors. These substitutions can reduce or replace the amount of REEs required. 
 NiMH batteries: Li-ion batteries have already largely replaced NiMH batteries in laptops, 
mobile phones and many other portable products. A further substitution for NiMH in hybrid 
vehicles by Li-ion is expected in the future. 
 REE phosphors: There is still no substitute for the use of REEs in compact fluorescent light 
(CFL) bulbs. However, LED lighting with lower REE contents is expected to rapidly gain 
market share. Organic LEDs (OLEDs) are also a REE-free alternative. However, their 
lifetime is too short in relation to their cost.  
Overall, in order to find alternative materials to substitute REEs while achieving the same 
levels of performance, research and development must be pursued and supported.  
   
3.8. Recycling  
Considering the shortage in the supply of the rare earth minerals and the environmental risks 
related to the production of REEs, it is also essential to establish a recycling process for REEs. 
In comparison to extraction from primary sources, recycling has numerous advantages:  
1) Reduction of dependency on other rare earth producing countries – less material is 
wasted, and the same amount of output is possible with less material, resulting in less 
demand for limited supplies. 
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2) Environmental preservation – less chemicals and energy are used in recycling processes 
than in mining and subsequent processing, resulting in less air and water pollution. 
3) Reduction of concerns about radioactive components – most rare earth deposits contain 
radioactive elements such as thorium and uranium. These radioactive components 
remain through the whole mining and processing process. In contrast, the end-of-life 
products used for recycling are free of these radioactive components. 
According to the UNEP (2013) report, the recycling rates for REEs are below 1 %. Only a small 
amount of magnetic scrap containing neodymium, praseodymium, dysprosium and yttrium 
from lasers and garnet are being recycled (Reuter et al., 2013). However, it should be noted that 
many countries and companies are in the process of developing recycling technologies. The 
largest rare earth recycling potential is related to end products containing high levels of REEs 
and an established collection or recycling infrastructure (EPA, 2012). The focus lies on the three 
major REE applications: permanent magnets, NiMH batteries and REE phosphors. They 
represent more than 80 % of global rare earth consumption (see chapter 3.6). The potential for 
recycling from these three major applications is roughly estimated in Table 23. According to a 
study of Du and Graedel (2011), starting from the calculated in-use stocks of REEs in 2007 and 
taking different applications into account, the expected REE stocks in 2020 and the recycling 
volume of REEs are roughly estimated. The total REE recycling potential ranges between about 
5,600 and 10,700 tonnes in 2020.  
Table 23: Recycling potentials for REE from magnets, NiMH batteries and phosphors 
REE 
application 
Estimated 
REE 
stock in 
2020 
(tonnes) 
Estimated 
average 
lifetime 
(years) 
Estimated 
REE 
scrap in 
2020 
(tonnes) 
Pessimistic scenario: Optimistic scenario: 
Collection 
rate 
Recycling 
rate 
Recycled 
REEs in 
2020 
(tonnes) 
Collection 
rate 
Recycling 
rate 
Recycled 
REEs in 
2020 
(tonnes) 
Magnets 300,000 15 20,000 30 % 55 % 3,300 60 % 55 % 6,600 
Lamp 
phosphors 
25,000 6 4,167 40 % 50 % 1,333 70 % 50 % 2,333 
NiMH 
batteries 
50,000 10 5,000 40 % 80 % 1,000 70 % 80 % 1,750 
Total 375,000  29,167   5,633   10,683 
Source: Compiled according to Binnemans et al., 2013; Du and Graedel, 2011 
 Permanent magnets: the most common REE magnets are components of hard disk drives 
(HDDs), air conditioning units or electric cars, and are based on neodymium-iron-boron 
(NdFeB) alloys with the use of dysprosium. The REE contained in electric vehicles and 
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wind turbines has a long time span before they enter the recycling stage, i.e. 10 – 20 years 
are expected. 
Several technologies for recycling REE magnets have been described in the literature. 
These propose recycling the material itself as an alloy to form new magnets, or returning 
the materials back into the individual metals for processing into new magnets. These 
include hydrogenation disproportionation desorption recombination (HDDR), dissolution 
in molten magnesium and acid leaching. These materials can be used in new magnets, but 
with a loss of performance (Moss et al., 2011).  
 NiMH batteries: several research groups have developed hydrometallurgical methods for 
the recovery of nickel, cobalt and rare earths from NiMH batteries. The technologies are 
related to the leaching of NiMH scrap with different acids and precipitation of the REEs 
from solution. In 2011, Umicore and Rhodia announced that they had jointly developed a 
process for the recycling of rare earths from NiMH batteries. In 2012, Honda Motor Co. 
Ltd. and the Japan Metals & Chemicals Co. Ltd. announced that they will establish a 
recycling plant to extract REEs from used nickel-metal hydride batteries (Honda Motor 
Corporation Ltd., 2012). 
 Lamp phosphors: The recycling of REEs from lamp phosphors is more straightforward 
than the recycling of REEs from permanent magnets. There are three options for recycling 
the phosphor fraction of used fluorescent lamps: (1) direct re-use of the recycled lamp 
phosphors in new lamps, (2) recycling of the individual phosphor components by 
physicochemical separation methods for re-use in new lamps, and (3) chemical processing 
of the phosphors to recover their REE content.  
 
3.9.  Criticality of the supply of REEs   
In order to secure raw materials supplies and their economies, many developed countries such 
as EU countries, Japan and the United States have set up new strategies regarding “Critical 
Materials”. In general, the criticality assessment of metals can be addressed by two dimensions 
(Figure 44):  
 Economic importance 
 Supply risk – poor governance  
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Figure 44: General scheme of the criticality concept projected into two dimensions 
Source: National Research Council, (2008) 
The first dimension captures the importance of individual REEs for each application as 
determined by the increase of the demand for the end-product containing the REE, and their 
substitutability. The dimension of supply risk is determined by reserve, regional concentration 
of reserves, and the availability of recycling technologies. The importance in use is reflected by 
an increase in the degree of criticality from the lower-left to the upper-right corner of the graph. 
Obviously, due to anticipated changes in demand and the application of new resources or 
substitutes for the REE, the criticality of such REEs may change over time.  
 
Figure 45: Critical minerals in terms of economic importance and supply risk  
Source: Report on Critical raw materials for the EU, 2014 
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Concerning the analysis at the EU level, the 2010 report “Critical raw materials for the EU” 
(EC 2010) identified materials as critical on the basis of two key criteria: 
 The relative economic importance of each material for the EU on the basis of its 
association (level of use and application) in industrial sectors with the different shares 
in EU GDP; and 
 The risks of supply shortages as a result of concentrated primary production in a few or 
even a single country with poor governance (as indicated by the world governance 
indicator). The capacity to substitute the specific material and the end-of-life recycling 
rate both reduce the level of risk for the supply of a specific material. 
As shown in Figure 45, REEs and especially HREEs are defined as the most critical raw 
materials EU, due to the high supply risk. In order to reduce the supply risk and the reliability 
on REE-dependent countries, many countries have been setting up a variety of strategies. The 
main strategies related to REEs can be summarised as follows: (1) searching for new alternative 
REE deposits; (2) finding substitution materials; (3) developing recycling technologies and 
collection systems; and (4) building stockpiles. 
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Chapter 4 REE supply chain risk 
It is clear from the previous discussion that the major issue with respect to rare earths is the 
growing imbalance between increasing demand and tighter supply. The production processes 
for REEs are subject to a range of risks. These risks can be classified as market risks, geological 
risks and operational risks. In this chapter, a more in-depth analysis of the opportunities and 
risks across the supply chain for REEs will be carried out.  
4.1.  Market risks 
The REEs market is a relatively volatile market, and this volatility is illustrated by the historical 
development of prices (Figure 46). In the following chapter, the volatility will be discussed 
with respect to different aspects.   
 
Figure 46: REO unit prices in US dollars per tonne from 1950 to 2013 
Source: Compiled by the author based on data from Kelly and Matos, 2014  
The production of REEs on a commercial scale started in the 1950s. For much of the last 40 
years, rare earth prices have been stable at around $5,000 – $10,000 per tonne. In this period, 
price fluctuations were driven largely by the opening of the Mountain Pass mine by Molycorp 
Minerals.  
In the early 1990s, REEs began to be used in the automotive industry for NiMH batteries and 
petroleum fluid cracking catalysts, which led to an increase in the prices of lanthanum and 
cerium. Due to the development of permanent magnets with NdFeB instead of SmCo, the prices 
for neodymium, dysprosium and praseodymium increased, while prices for samarium declined 
(Bartekova, 2014).  
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In the middle of the 1990s, China expanded its production, and REEs were sold at very low 
prices due to China’s abundance of REE resources and its ability to produce them very cheaply 
(see chapter 3.6). Many producers in the rest of the world – including the biggest REE mining 
operation, Molycorp in the USA – were shut down due to Chinese competition. By 2005, China 
was producing 95 % of global REEs. In order to protect REE prices, China introduced 
production and export restrictions in late 2005. However, REE prices reached their lowest level 
in 2006.  
After that, REE prices increased, driven by increasing demand for permanent magnets and 
NiMH batteries, as well as for REE-containing fibre optics and medical applications (Bartekova, 
2014). In 2007, China adopted export tariffs to further limit the export of rare earths. Between 
2008 and 2009, prices for REOs (as well as for permanent magnets) fell significantly due to the 
financial crisis.  
In 2010, after China announced its rare earth export quota, prices increased dramatically. By 
2011, prices were nearly 11 times higher than in 2009. It is evident that the price of individual 
REEs varies considerably depending on their scarcity (Figure 47).  
After September 2011, the prices of all REEs dropped sharply. The main reason for this steep 
decrease was a reduction in demand. As a reaction to the price peak of 2011, many companies 
reduced their usage of REEs, increased the efficiency of their REE usage or switched to 
alternative materials and technologies. Another reason, however, was the increase in REE 
supply from China. In 2013, Molycorp Minerals and Lynas Corporation Ltd. started REE 
production. However, these companies work mainly in the field of LREEs. In contrast, for 
HREEs, such as europium, terbium and dysprosium, shortages are expected for the next several 
years.  
It should be noted that market demands for REEs differ over time, depending on their 
applications. At the time this thesis was written, the REE market was driven by the demand for 
neodymium and dysprosium for permanent magnets. The prices of high-demand and less 
abundant REEs can increase due to supply shortages. In general, prices of HREEs are much 
higher than LREEs. 
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Figure 47: REO prices for individual REEs from 2009 to 2014  
Source: Compiled by the author based on the free-on-board (FOB) prices provide by Asian Metal. Prices 
refer to a minimum purity of 99 % with a minimum purity of 99.999 % for yttrium oxide. 
 
While other raw materials, like copper and gold, are traded in a transparent commodity 
exchange market like the London Metals Exchange, there is no such exchange market for REEs: 
REEs are commonly traded in over-the-counter (OTC) market. The buyers and sellers are 
matched through brokers or trading platforms such as the Metal Pages, the Asian Metal. 
Accurate spot prices are usually difficult to determine, and it is therefore particularly difficult 
to predict future prices. As an important step for market transparency, the Baotou Rare Earth 
Products Exchange was established in May 2014 for REE trading.  
In order to eliminate market uncertainty as far as possible, it is also important to estimate the 
future supply of and demand for REEs. This estimation has been carried out by many studies 
based on data gathered from industry combined with analysis of developmental trends.  
The overall market forecast for the global supply and demand for LREEs is shown in Figure 
48 and for HREEs in Figure 49. Based on this analysis, a significant surplus may be anticipated 
in LREE supply, and particularly for cerium, praseodymium and samarium. This is expected to 
increase as the decade progresses, as the Mountain Pass and Mount Weld mines have opened 
and because many new mines will open in the future. In contrast, there are only a few mines 
that have a significant content of HREEs. The forecast for HREEs is therefore for a shortage to 
continue until more substantial supply opportunities are realized (EU Commission, 2014).  
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However, it is difficult to predict how REE supply and demand will develop further into the 
future, as there is great uncertainty with respect to the progress of potential REE projects and, 
in particular, regarding production volumes. The next chapter will present the risks related to 
the development of a new REE project.  
 
Figure 48: Global LREE supply and demand forecasts to 2020 (tonnes) 
Source: Roskill, IMCOA and Technology Metal Research Reports and Presentation (2012 – 2013)  
  
 
Figure 49: Global HREE supply and demand forecasts to 2020 (tonnes)  
Source: Roskill, IMCOA and Technology Metal Research Reports and Presentation (2012 – 2013)   
 
4.2.  Geological and operational risks 
To produce REEs economically, the production process as a whole is determined not only by 
crustal abundance but also by many other factors, including 1) the metal concentration in ore 
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deposits; 2) the feasibility of exploration and mining; 3) the complexity of processing and 
refining the ore; 4) technical and economic feasibility; 5) environmental impacts from the main 
operations, and 6) potential social risks and local community confrontation.  
To start a new mine is also a complex process, and requires years of planning. From discovery 
to initial production, the development process of a proposed REE project may take more than 
10 years and requires large amounts of capital. Similar to hard rock or placer mines, the 
development process includes 4 major stages before production can commence: exploration, 
development, construction, and operation & production.  
 Exploration: The objective of this stage is to identify the potential ore reserve and the 
geometry of the deposit, and to determine the most appropriate mining and processing 
methods. If the quantity and quality of potential ore are adequate for further development, 
preliminary planning of the mine layout and ore processing system will be carried out, 
along with a preliminary assessment of environmental impacts (Lee-Moreno, 2011). 
 Development: After identification of the mineral resource, the proposed project will be 
evaluated to determine whether it can be mined economically, and how. Feasibility studies 
– which contain an assessment of the mineral reserve and the technical, legal and 
economic feasibility of the proposed project – are required. These studies usually consist 
of a scoping study, a pre-feasibility study, and a bankable feasibility study. Based on the 
feasibility study, the investor can decide to go ahead with the REE project, or to postpone 
or abandon it (Bullock, 2011). For the development of a REE project, various mining 
permits, production permits, and environmental & social licenses are required.  
 Construction: During the planning stage, the ore mining and processing operations, the 
associated environmental aspects of the mine, and the site infrastructure requirements are 
planned in detail. Once regulatory approvals have been acquired, construction can start. 
Related activities include the development of the mine site, the construction of ore 
processing facilities, waste treatment and storage facilities, and the provision of access to 
infrastructure including power, water and transportation.  
 Operation & production: In this step, the REE ore is extracted and processed to produce 
different REE products. The diversity of REE deposits results in considerable variation 
in the mining and processing technologies involved (see chapter 3.1 – 3.2). Depending 
on the production process and demand, a variety of REE products are sold on the market, 
such as individual rare earth oxides (REOs), individual RE carbonates, RE chlorides, 
REO with different purity values, and mischmetal. However, the most common REE 
products are individual REOs with minimum purities of 99.9 %. The REE processing 
plants can be built at or close to the mine site to reduce transport costs. However, since 
final processing can be energy and water intensive, it may be more cost effective to locate 
the plants closer to other critical inputs such as electricity generating stations.  
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Each stage presents significant risks for the development of a proposed REE project. In general, 
risks can be classified into four risk categories: political risk, project risk, environmental risk 
and social risk.  
 
4.2.1 Political risks  
In the context of REE investments, political risk can be understood as a negative effect on the 
REE project due to current/prospective political instability. Unstable political situations include, 
in particular, civil war, terrorism, riots, insurrection, as well as disease, macroeconomic 
instability, and nationalization policy with respect to the extraction of non-renewable resources. 
Ernst & Young ranked resource nationalism as one of the top risks facing mining and metals 
companies (Ernst & Young, 2014). Nationalization is “a statist policy initiative taken by 
standing governments to seize control and ownership of key or lucrative productive assets from 
private local or foreign constituents, often without any or fair compensation” (Sheldon, 2014). 
Political risk affects the continuation of a REE project over its life cycle as a whole. Therefore, 
it is essential to estimate the political risks for the short term, as well as the developmental trend 
for medium to longer term.  
Several organisations currently produce ratings of political risks. The most well-known rating 
system is that of the “World Governance Indicators (WGI)” of the World Bank, which measure 
political stability for 215 countries over the period 1996 – 2015 across six dimensions: 1) voice 
and accountability; 2) political stability and absence of violence or terrorism; 3) government 
effectiveness; 4) regulatory quality; 5) rule of law; and 6) control of corruption (WGI, 2014). 
In this thesis, the category “political stability and absence of violence or terrorism” is 
considered to be the main political risk factor present over the life stages of a REE project. 
Government effectiveness and corruption mainly affect the permitting process, and are 
therefore considered to be components of project risk.  
Figure 50 shows the political stability ranking for the countries where REE occurrences are 
located14. Greenland was the most stable country in 2013, followed by New Zealand, Finland, 
Norway, Sweden, Canada and Australia. The 5 lowest-rated countries are Afghanistan, the 
Democratic Republic of the Congo, Nigeria, Libya and Egypt. 
Along with information from WGI, several surveys have been carried out to analyse the 
political risks in the mineral sector in different countries. The two other best-known annual 
surveys are conducted by the Fraser Institute and Behre Dolbear.  
                                                 
14 WGI, 2014: The indicators in WGI are reported in two ways:  (1) in their standard normal units, ranging from 
approximately -2.5 to 2.5, and (2) in percentile rank terms from 0 to 100, with higher values corresponding to 
better outcomes. Figure 50 shows the percentile rank terms from 0 to 100. 
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The Fraser Institute is an independent Canadian research and educational organization. It has 
published annual surveys of exploration companies since 1997, ranking the exploration 
attractiveness of 112 jurisdictions in the world on the basis of their policy potential and mineral 
potential. Respondents include mining companies large and small, regulators, government 
officials, NGOs and many other groups and individuals involved in the mining industry (Fraser 
Institute, 2014). 
Since 1999, the mining industry advisory firm Behre Dolbear has carried out annual political 
risk assessments in the global mining industry. Behre Dolbear ranks 25 mining jurisdictions 
based on seven categories: economic system, political system, social issues, permitting delays, 
corruption, currency stability, and tax regimes (Behre Dolbear, 2014). The rankings in this 
annual survey are based on qualitative opinions gathered from company professionals and 
research from various sources, both public and confidential. According to the Behre Dolbear 
rankings, Finland, North American counties and Western Australia ranked among the top 10 
most attractive jurisdictions in 2014. The lowest-rated countries were Hungary, Kenya, 
Honduras, the Solomon Islands, Egypt, Guatemala, Bulgaria, Nigeria and Sudan. 
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Figure 50: Ranking of political stability and absence of violence/terrorism for REE occurrence 
located countries 
Source: Elaborated by the author based on data from WGI, 2014 
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4.2.2 Project risk 
Project risk consists of geological risks, permitting and licensing risks, construction risks, and 
technical risks.  
Geological risk: The geological potential is the key consideration for development of a mineral 
project. For the evaluation of a mineral project, geologic quantity and quality (tonnage and 
grade) must be estimated using geological inferences and engineering calculations. The 
estimation of the reserve of a deposit depends on dynamic levels of geologic knowledge and 
varying economic conditions, as well as on depletion of the resources.  
The uncertainty of the estimation of extractable reserves is referred to as geologic risk. In the 
early stage of exploration, only limited geological information is available to evaluate a deposit, 
and so the geologic risk is therefore relatively high. For the project to progress to the feasibility 
stage and further to the production stage requires more knowledge. Geological conditions are 
analysed further, thus decreasing the geologic risk.  
For estimation of the geologic risk, it is important to distinguish the definition of mineral reserve 
from that of mineral resource. As already defined in chapter 2.4.1, a “mineral resource” is “a 
concentration or occurrences of material of intrinsic economic interest in or on the Earth’s crust 
for eventual economic extraction.” The quantity, grade, geological characteristics and 
continuity of a mineral resource are estimated or interpreted from specific geological evidence 
and knowledge (CRIRSCO, 2013). A “mineral reserve” is the economically mineable part of a 
measured or indicated mineral resource. Mineral reserves are sub-divided into probable and 
proven Mineral Reserves. In general, a deposit should be only extracted when the mineral 
reserves are estimated as “proven reserves”. 
The resources/reserve estimate is demonstrated in the feasibility study. This study must include 
adequate information on mining, processing, metallurgical, economic, legal, environmental, 
social, and other relevant factors. The study is divided into three stages: a conceptual (scoping) 
study, a preliminary or prefeasibility study, and a final feasibility study (Bullock, 2011).  
 Stage 1: A conceptual (scoping) study is carried out in the early exploration phase. It 
represents the transformation of a project idea into a broad investment proposition, by using 
comparative methods of scope definition and cost estimating techniques to identify a 
potential investment opportunity. The major risk at this stage is that the scoping study is 
based on very limited information about the occurrences of the resources or even on 
speculative assumptions. 
 Stage 2: A preliminary or prefeasibility study is an intermediate-level exercise. Its objective 
is to determine whether the project concept justifies a detailed analysis by means of a 
feasibility study, and whether any aspects of the project are critical to its viability and 
necessitate in-depth investigation through functional or support studies.  
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 Stage 3: A feasibility study provides a definitive technical, environmental and commercial 
basis for an investment decision. It uses iterative processes to optimize all critical elements 
of the project. It identifies the production capacities, technologies, investment and 
production costs, sales revenues, and return on investment.  
The feasibility study at each stage must be completed in compliance with international codes. 
There are different national resources and reserve classifications in use worldwide. Major 
accepted resource / reserve codes worldwide include: 
 The Joint Ore Reserves Committee (JORC) code in Australia; 
 The National instrument (NI) 43-101 code – Canadian Institute of Mining, Metallurgy 
and Petroleum reporting standard (CIM); 
 The South African Mineral Committee SAMREC CODE in South Africa; 
 The Reporting Code – UK / Western Europe; 
 The Society for Mining (SME), Metallurgy and Exploration code in the USA; and 
 The Certification code in Chile. 
Comparisons between different reserve classification systems are difficult and always 
approximate. Most of the reporting codes for resources have been derived from the JORC code, 
since the JORC code was established earlier and is relatively reliable compared to the other 
codes. 
Permitting risk: A mineral project can only start after the awarding of exploration and 
exploitation licenses. For further production, a production right is required. Delays in awarding 
licenses lead to a significant risk to mineral projects, resulting in long waiting times before the 
commencement of mineral production. The permitting risk can therefore be understood as 
delays in the awarding of mineral rights for exploration, and exploitation, and production rights. 
In most countries, the national or provincial government own the rights to all minerals – 
discovered and undiscovered. Government therefore grants exploration and/or exploitation 
licences to the individual or corporations to allow them to lease some or all of these rights 
subject to various conditions (Penney et al., 2007). The grant is then governed by a strong 
governance/anti-corruption framework that provides a system of checks and balances 
throughout the process. The duration of and efficiency in gathering licenses from government 
differs from country to country. In general, the lack of clear rules for allocation of mineral rights, 
corruption in the allocation process, the absence of clear license area delineation and limitation, 
and disputes over claims may hinder the orderly development of the private mining sector. 
Stanley and Mikhaylova (2011) argue that efficient and effective mineral rights allocation 
policies exhibit the following characteristics:  
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 Transparent, competitive and nondiscretionary procedures for the awarding of 
exploration, development, and production rights, as well as consideration of auxiliary 
infrastructure to service development and production; 
 Clear legal, regulatory, and licensing/contractual frameworks; 
 Well-defined institutional responsibilities; and 
 Clearly specified environmental and social safeguards. 
According to the annual political risk assessments of Behre Dolbear, a permitting delay is the 
most significant risk to a mining project in United States – even in mining-friendly states 
(Nevada, Utah, Kentucky, West Virginia, and Arizona). To obtain the permits and approvals 
required to construct a mine takes an average of 7 – 10 years in the United States. Among the 
25 top mining countries in the world, the United States ties with Papua New Guinea for the 
longest approval process (Behre Dolbear, 2014). By contrast, Australia and Canada have the 
fewest permitting delays despite having environmental regulations similarly severe to those in 
the United States. These two countries set two year timelines for approving mineral rights 
(Tanton, 2013; Behre Dolbear, 2014).  
Construction risk: The main construction projects for mining and processing are the enrichment 
factory, equipment assembly, the processing plant, accommodation facilities for the workers, 
the machines and equipment on site, and the waste storage facility. The technical availability of 
the processing plant is essential for construction planning. If the industrial processing 
technology for a REE mineral still does not exist, or if the processing process is still in the R&D 
phase, it can take a long time to complete the processing plant.  
The existing infrastructure in the mining region, i.e. transport infrastructure and water and 
power supplies, is a key consideration in the development of a REE project. Poor or 
underdeveloped infrastructure is a real challenge, which may make investing in mineral 
exploration uneconomic due to the large cost of development of infrastructure (Penney et al., 
2007).  
The construction process is subject to many unpredictable risks from a range of sources, 
including the availability of construction materials, weather conditions, and the efficiency of 
other partners, such as construction companies. Construction risks occur when the construction 
costs and duration overrun the initial budgets and plans.  
Technical risk: Technical availability is the most important factor in REE production, and 
determines whether the REE project can be continued. As described in previous chapters, the 
extraction process for REEs is very complex, and each REE ore is unique. The processing 
operation is determined by the ore’s mineral association and mineral type. Apart from bastnäsite, 
monazite, xenotime, and loparite, commercial-scale processes have not been demonstrated for 
any of the REE minerals (Wall, 2013). Recovery of REEs from bastnäsite, monazite, xenotime 
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and loparite can be carried out using established processing technologies. However, depending 
on the ore complexity, the recovery can cause a metallurgical risk if there is no precedent or 
suitable process for achieving adequate recovery. Even if a processing route could be modelled 
successfully in a laboratory, the process might fail to achieve the pilot test results once the pilot 
plant process is scaled up to a commercial plant. In terms of separation and refining 
technologies, the separation of individual REEs from each other is a difficult task. The 
capability to deliver the desired high purity of rare earth end products is an important part of 
the production chain.  
Currently, China owns internationally advanced rare earth technologies. The development of 
new processing and refining technologies is impossible to predict. Furthermore, the availability 
of skilled technical know-how and labour can also influence the development of an REE project.  
 
4.2.3 Environmental risk  
As discussed in chapter 3.3, REE production involves high levels of environmental risk from 
exploration, mining and mineral processing activities. To combat the REE-related 
environmental issues, it is essential for authorities to develop environmental legislation related 
to the mining and processing of REEs. The assessment of environmental impacts associated 
with mining and processing should address the following issues (Golev, 2014): 
 Energy, water, and chemical consumption rates for different production stages and 
operations; 
 The amount of emissions, effluents, and solid wastes generated; 
 Land allocation for the mine site, landscape position of processing plants, additional 
infrastructural facilities, waste disposal, and tailings dams; 
 Land allocation for the permanent storage of radioactive waste materials; 
 Transportation distances and routes for separately located processing facilities; 
 Environmental protection against radioactive contamination. 
Environmental laws are used to address a wider range of ecological, conservation, pollution 
and health issues. Some environmental requirements such as waste disposal, occupational safety, 
and control of water contamination may be regulated in mining laws. As regulatory 
requirements, environmental standards provide for the design and management of industrial 
operations. Each country has its own legislation according to its needs and circumstances. The 
most internationally recognized benchmarks and requirements for the assessment of 
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environmental and social activities are the Environment, Health and Safety (EHS) guidelines 
of the International Finance Corporation (IFC)15.  
Environmental risks are closely associated with the environmental performance of each country. 
Environmental risks are higher in countries where environmental regulations are weak, or 
where the regulations are formulated but not implemented effectively. 
Environmental performance may be measured using the Environmental Performance Index 
(EPI) from Yale and Columbia Universities. It ranks how well countries perform on high-
priority environmental issues in two broad policy areas: the protection of human health from 
environmental harm, and the protection of ecosystems. EPI scores measure to what extent 
countries meet internationally established environmental targets. 
According to the 2014 EPI, Australia (#3) ranks top of those countries where REE occurrences 
are located. The following countries with REE occurrences are, in order, Germany (#6), Sweden 
(#9), Finland (#18), Canada (#24), and Chile (#29).  
The biggest REE production country – China – ranked 118th out of 178 countries in its efforts 
to address environmental challenges. As discussed in the previous chapter, there is serious 
environmental damage occurring in Chinese rare earth mines and to their surroundings. The 
Chinese government intends to reduce environmental harm by installing environmental 
technologies in the large mines and by eliminating the numerous small, illegal mines which 
likely have no environmental protection technologies at all. China also aims to increase 
efficiencies in mining and processing and is conducting research projects on creating a 
sustainable rare earth economy. In 2011, the Department of Environmental Protection of China 
issued the first rare earth pollutant emission standards in the world: The “Emission Standards 
of Pollutants from the Rare Earth Industry” were implemented starting on October 1st, 2011 for 
application to both existing and new enterprises.  
 
4.2.4  Social risk  
Mining operations present a variety of social impacts at the national, regional and local levels, 
they can lead loss of traditional livelihoods, exposure to communicable diseases, resettlement 
and inward-migration (especially for large and new mining developments), pressure on local 
                                                 
15 IFC, 2012: The IFC has developed a revised and refined set of Performance Standards, which guide the 
environmental and social responsibilities of the activities in which the IFC invests. The guidance includes eight 
Performance Standards (PS), namely PS1: assessment and management of environmental and social risks and 
impacts; PS2: labor and working conditions; PS3: resource efficiency and pollution prevention; PS4: community 
health, safety, and security; PS5: land acquisition and involuntary resettlement; PS6: biodiversity conservation and 
sustainable management of living natural resources; PS7: indigenous peoples; PS8: cultural heritage. 
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health and education services, deterioration of governance, human rights abuse, etc. (Post, 
2009). Social issues are increasingly considered as one of the important risk factors affecting 
the development of mining projects globally. They have often led to the delay, prevention or 
complete closing down of mining in existing and prospective areas as a result of community 
concerns (Franks, 2011). The social impact assessment should consider the following factors: 
the population density near an REE mine, processing plant and storage place, socioeconomic 
conditions, religious tensions, ethnic tensions, and internal conflict. 
The development of the Lynas Advanced Materials Plant (LAMP) processing plant in Kuantan, 
Malaysia is an excellent example for social risk related to an REE project. As already mentioned 
in chapter 2.3.2.2, the Australian company Lynas Corporation owns the Mount Weld deposit 
and has built the LAMP in Kuantan, Malaysia to process REE concentrates from Mount Weld. 
In comparison to Australia, the construction costs for the refinery plant in Malaysia would be 
lower and the environmental standards in Malaysia less stringent. In addition, the Malaysian 
government offered Lynas a 12-year tax exemption. However, Lynas was confronted with 
protests from local residents as well as from Australian citizens. In 2007, as Lynas had started 
to prepare the construction of the processing plant in Terengganu State, the first anti-Lynas 
protests started. The project was subsequently rejected. The federal government then offered a 
site in Kuantan. Local residents formed an NGO group called “Save Malaysia Stop Lynas 
(SMSL)”. Hundreds of residents participated in protests against the construction of LAMP. The 
protesters were afraid that the REE processing project would generate a large volume of toxic 
and radioactive waste, and lead to serious health and environmental hazards in Kuantan. They 
also opposed the LAMP being built close to a densely populated area, with some 700,000 people 
living within 30 km of the plant. The protesters associated the LAMP with the disaster at the 
Asian Rare Earth (ARE) plant in Bukit Merah in Malaysia. The anti-Lynas movement became 
bigger and bigger, and many other anti-Lynas groups formed, including the “Stop Lynas 
Coalition (SLC)” and “Himpunan Hijau”. In February 2012, the SLC appealed against Lynas’ 
Temporary Operating License (TOL) at the High Court in Kuala Lumpur. In April 2012, Lynas 
received a temporary operating license for LAMP, and extended the license in September 2014 
(Wytze, 2014). Nevertheless, while Lynas had initially planned to construct the processing plant 
in a country with less stringent environmental control measures, the establishment of the LAMP 
in Malaysia has proved tortuous.   
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Chapter 5 Real Options modelling of REE investments  
5.1.  Real option approach application in REE investment 
As introduced in chapter 4, an investment in a REE project is very risky because of uncertainty 
over the future reward from the investment due to operating and market fluctuation. Varied risks 
listed in Table 24 spread through in different stages of the REE production chain. Some risks 
are present at more than one stage. They impact either the schedule of the project development, 
the REEs output volume, or the success of the whole project. Each stage is associated with 
success and failure probabilities.  
Table 24: Risk factors and their impact 
Risk factor Project stage Impact Risk type 
Political risk All stages  Project success  Overall risk 
Environmental risk All stages Project success Overall risk 
Social risk Development stage, 
production stage 
Project success Overall risk 
Exploration risk Development stage Schedule  Time-related risk  
Permitting risk Development stage Schedule Time-related risk 
Construction risk Development stage Schedule Time-related risk 
Geological risk Production stage REE output volume Volume related risk 
Technical risk Production stage REE output volume Volume related risk 
Market risk Market stage REE prices Price risk 
Source: Prepared by the author 
Concerning their impacts on project development, they can be classified as overall risk, time 
related risk, the REE volume-related risk, and market risk.   
 Overall risk: these risk factors are present in the entire lifecycle of a project. Typically, they 
are political risks, environmental risks, and social risks.  
 Time-related risk: these risk factors have an impact on the timing of project stages. For 
example, in the development stage, the success of the production stage of the project 
depends on conditions which need to be met beforehand, such as: 1) the exploration is 
completed; 2) permitting for exploration and processing has been successfully awarded; 
and 3) construction at the mine site such as of the enrichment factory, equipment assembly, 
accommodation facilities for the workers, the machines and equipment on site, and the 
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waste storage facility, is already completed. Hence, at this stage, these “time risk” factors 
have a strong impact on the timing of the start-up of REE production.  
 Volume-related risk: The key consideration for making a decision to invest or not in a REE 
project is the REEs output volume, which depends on (possibly) accurate estimations of 
the REE reserves as well as the recovery rates in the mining and processing operations. 
The expected reserve volume changes during the development as more geological 
information becomes available. The production volume also changes when the technology 
is improved. Hence, the geologic and technical risks are combined into a volume-related 
risk. 
 Market risk: The volatility of the REE market is reflected through the price development 
of REEs products, depending on the demand for and supply of individual REEs. In general, 
prices of HREEs are much higher than those of LREEs. The prices of highly sought after 
and less abundant REEs can increase due to shortages in supply.  
 Costs risk: The cost estimation is very important for deciding whether to develop a REE 
project. A REEs project should not be considered for development if the estimated 
operating profit can’t cover die development costs of the project as well as the operating 
costs. Inaccurate cost estimates result in cost overruns and may result in the expenditure of 
large amounts of capital funds on a project later found to be unprofitable or, conversely, 
the rejection of a project that would have resulted in significant profits (Nelson, 2011). 
Given these risks, an investor has many investment opportunities to consider. They can decide 
to invest or abstain from investment, or to invest today or in the future. Their investment 
decisions can be presented in a basic decision tree, as represented in Figure 51.  
 
Figure 51: Decision tree for investment in a REE project 
Source: Prepared by the author 
The decision-making process takes place across three consecutive stages: the development 
stage, the production stage and the market stage. At each stage, the investor may decide to 
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proceed with the project or abandon it. If the project is viewed as successful in its development 
stage, the investor will continue the project into the production stage, in which the volume of 
REE output is determined by the use of the appropriate technology for mining, processing and 
separating. In the market stage, REE prices are assumed to be liable to increase or decrease. 
Before undertaking any investment decision in an REE project, the “value” of the project in the 
production and market stage needs to be calculated, which is defined as a function of the annual 
revenue and operating costs – in other words: a discounted cash-flow: 𝑉(𝑆𝑡, 𝑋𝑡, 𝑂𝐶𝑡, 𝑟𝑓). In a 
classical discounted cash flow (DCF) approach, this value can be written as follows:  
𝑉 = ∑
𝑋𝑡(𝑆𝑡 − 𝑂𝐶𝑡)
(1 + 𝑟𝑓)𝑡
𝑁
𝑡=1
                                                                    (5.1) 
where  
𝑉   Value of the REE investment,  
𝑁   Expected life-time of production,  
𝑆𝑡   REE price at time t, 
𝑋𝑡   REE output volume per annum at time t,  
𝑂𝐶𝑡   Expected operating costs per tonne at time t,  
𝑟𝑓  Risk-free interest rate. 
The DCF method is widely used for the evaluation of mining projects. However, this method is 
unsuitable for considering the influences of risk factors on a project’s value, and it does not 
differentiate between individual investment options. Hence, in order to account for risk factors 
associated with a proposed REE project, another approach is required. In this thesis, a valuation 
model using the real options valuation approach (ROV) is proposed. The first paper applying 
ROV to the valuation of a rather uncomplicated mining project was that of Brennan and 
Schwartz (1985), who used the method to assess a copper mine. They showed that in 
comparison to the DCF method, the ROV approach provides a comprehensive overview of 
project development since various investment options can be assessed and evaluated. However, 
the Brennan and Schwartz model assumes a transparent commodity market, and it does not 
capture the varied risks of the production chain for REEs. In order to account for these 
deficiencies, a real options model in a multi-dimensional binomial lattice (MDBL-Model) is 
then developed to estimate the value of an investment option (see also Cox, Ross, and 
Rubinstein, 1979). Figure 52 shows this development. The estimation consists of two parts, 
with one part subject to project-specific risks (overall risk, time risk and volume risk) and the 
other subject to market risk. The project-specific risks are valued using project development 
information, while the market component is valued using a binomial option model.  
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Figure 52: Multi-dimensional lattice approach 
Source: Prepared by the author 
The option to invest in a REE project is equivalent to a call option on the cash-flow of the 
project for N years. The project has initial development costs. The difference between the 
project’s value and this initial cost can be defined as the investor’s profit. If an investment 
option is “in the money” (i.e. the value of the reserves is greater than the cost of developing 
those reserves), the investor can decide to invest in the project. The option value to invest at 
decision time 𝑡 = 0 is given as:  
𝐶 = 𝑚𝑎𝑥[𝑉𝑡0 − 𝐷𝑡0 , 0]                                                                   (5.2) 
where 𝐶 is the option value to invest, 𝐷𝑡0 stands for the total cost of development at time 𝑡0, 
and 𝑉𝑡0represents the expected value of the REE project at time 𝑡0, which is calculated using 
equation (1) with an integrated roll-back method. The expected value of the projected cash 
flows is discounted back to time point 𝑡0.   
𝑉𝑡0 =∑
𝐸[𝑋𝑡(𝑆𝑡 − 𝑂𝐶𝑡)]
(1 + 𝑟𝑓)
𝑡
𝑁
𝑡=1
                                                           (5.3) 
If the development costs are spread over many years (assuming m years), the total development 
cost is estimated by discounting of annual cost 𝐷𝑡 in the development period [𝑡0 , 𝑡𝑚]: 
𝐷𝑡0 =∑
𝐷𝑡
(1 + 𝑟𝑘)𝑡
𝑚
𝑡=1
                                                                       (5.4) 
where  
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𝐷𝑡0   Development cost at time 𝑡0, 
𝐷𝑡   Capital expenditure in year t, 
𝑟𝑘   Cost of capital. 
Subsequently, the probability of success under overall risk and time risk probabilities are 
considered, letting 𝑝𝑜  and 𝑝𝑡  denote overall risk and time risk, respectively. It can be 
assumed that the overall risk and time risk are independent. The investor decides to move to the 
production stage if the development phase is expected to end with success in relation to the 
probabilities under both overall risk and time risk, i.e. the total success probability is defined 
as: 𝑝𝑜 ⋅ 𝑝𝑡. If there is no success, the project has failed with probability (1 − 𝑝𝑜𝑝𝑡), and a 
decision is made to abandon the project. In the production stage, it is assumed that there is no 
time risk but that the overall risk remains. The option value of a REE project can be described 
as follows:  
𝐶 = 𝑚𝑎𝑥[(𝑝𝑜 ⋅ 𝑝𝑡𝑉𝑡0) − 𝐷𝑡0 , 0]                                                    (5.5) 
For the estimation of the option value of a REE project, eight parameters are required as shown 
in Table 25, where the first seven of them relate to the project itself and the last one is a market-
related parameter:  
Table 25: Required parameters for estimating the option value of a REE project 
No. Parameter Description 
1 𝑝𝑜 Success probability under overall risk 
2 𝑝𝑡 Success probability under time risk 
3 𝜏 Point in time when the first expected cash-flow occurs 
4 𝐸(𝑌𝑡) Expected production volume of the ore at time 𝑡 
5 𝐸(𝑋𝑡) Expected volume of REE output at time 𝑡 
6 𝑂𝐶𝑡 Expected operating costs at time 𝑡  
7 𝐷𝑡0 Development costs at time 𝑡 = 0 
8 𝑆𝑡 Expected price at time 𝑡  
Source: Prepared by the author 
The estimation is conducted in two stages:  
 Estimation of the success probability related to the risk factors with Monte Carlo 
simulation 
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 Estimation of the value of an investment option using the multi-dimensional real 
option model 
Figure 53 presents the estimation process. The description of the estimation is provided in 
chapter 5.2. 
 
Figure 53: Estimation process  
Source: Prepared by the author 
 
5.2. Estimation of project-specific parameters using Monte Carlo simulation 
Since information about REE production outside of China is limited, each project-specific 
parameter is estimated using a Monte Carlo (MC) simulation method.  
 
5.2.1  Introduction of simulation model 
“Simulation is the process of building a mathematical or logical model of a system or a decision 
problem, and experimenting with the mode to obtain insight into the system’s behaviour or to 
assist in solving the decision problem” (Evans and Olson, 1998). In the simulation process 
random numbers are generated according to probabilities assumed to be associated with a 
source of uncertainty. Figure 54 illustrates the method of combining various risks as inputs in 
order to generate probability outputs.  
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Figure 54: Monte Carlo simulation process 
Source: Prepared by the author 
 
The simulation runs as follows: 
 Step 1: Determining the input and output parameters  
 Step 2: Choosing a suitable probability distribution for each selected input parameter  
 Step 3: Generating a random value for each individual distribution by means of a 
sampling method 
 Step 4: Repeating the process (steps 2 to 3) with a relatively large number of iterations 
 Step 5: Plotting and viewing the new total probability distribution and a histogram. 
Each of the above-listed steps of the Monte Carlo simulation is detailed below for the estimation 
of risks involved in a REE project:  
STEP 1 – Determine the input and output parameters: Defining the required parameter as the 
output parameter of the MC simulation, the output is determined by different risk factors which 
are defined as input parameters of the MC simulation. For each risk type, input and output 
parameters are defined together with their specific random parameters, as shown in Table 26: 
  
  
- 146 - 
 
Table 26: Input and output parameters of MC simulation model for different risk types 
Risk type  Input 
parameters  
Random parameters Output parameters Unit 
Overall 
risks 
Overall risk 
factors 
Probability of success 
under each risk factor 
Probability of overall 
success 
Percentage 
Time-
related risks 
Time related risk 
factors 
Time length of each 
development stage 
Probability of the total 
time length being 
shorter than the 
acceptable waiting 
time  
Year 
Volume- 
related risks 
REE volume 
related risk 
factors 
Probability of 
occurrences of REEs 
reserve  
& 
Recovery rate of each 
production stage  
Expected REE output 
volume  
Tonne 
Cost risks Cost risks Accuracy of costs 
estimation  
Expected operation 
costs and development 
costs 
US 
Dollars 
Source: Prepared by the author 
STEP 2 – Choosing a suitable probability distribution for each selected input parameter: Due 
to a lack of data about REE production, a uniform or, alternatively, a triangular distribution is 
used for each input parameter, i.e. for each risk factor. The uniform distribution is a continuous 
probability distribution with two limits: a minimum and a maximum, where the random variable 
assumes all its values with equal probability. The triangular distribution is a continuous 
probability distribution with three limits: a minimum, a maximum, and a “most likely”. The 
uniform distribution is used for the estimation of overall risk, expected annual reserve and the 
costs, while the triangular distribution is used for the estimation of time risk and recovery rates 
in the production process. 
The uniform distribution is a continuous probability distribution with two limits: a minimum 
𝑎 and a maximum 𝑏.  
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The triangular distribution has the following probability density: 
𝑓(𝑥) =
{
 
 
 
 2(𝑥 − 𝑎)
(𝑏 − 𝑎)(𝑐 − 𝑎)
       𝑖𝑓 𝑎 ≤ 𝑥 ≤ 𝑐
2(𝑏 − 𝑥)
(𝑏 − 𝑎)(𝑏 − 𝑐)
       𝑖𝑓 𝑐 ≤ 𝑥 ≤ 𝑏
                                           (5.9) 
where 𝑥  is the random variable with 𝑥 ∈ [𝑎 , 𝑏], 𝑎 ∈ ℝ, 𝑎 < 𝑏 and 𝑎 ≤ 𝑐 ≤ 𝑏 . The 
associated distribution function is:  
𝐹(𝑥) =
{
 
 
 
 (𝑥 − 𝑎)
2
(𝑏 − 𝑎)(𝑐 − 𝑎)
                𝑖𝑓 𝑎 ≤ 𝑥 ≤ 𝑐
1 − 
(𝑏 − 𝑥)2
(𝑏 − 𝑎)(𝑏 − 𝑐)
       𝑖𝑓 𝑐 ≤ 𝑥 ≤ 𝑏
                                (5.10)  
STEP 3 – Generating a random value for each probability distribution by means of a sampling 
method: Once a probability distribution and range limits for each input parameter have been set 
for each individual probability distribution, a random value will be generated. For the 
simulation, the range settings are based on the information and available data of the REEs 
production process. The simulation can be performed by using the simulation tool @Risk16.  
STEP 4 – Through repeated iterations of the simulation programme (1,000 or more times), a 
probability density and histogram of every output can be obtained. The higher the iteration 
number is set, the more accurate the estimation. For this thesis, the iteration number was set at 
5,000. With an ever-increasing number of iterations, a normal distribution is generated and the 
mean of this distribution is defined as the expected value.  
A schematic overview of the estimation of each project-specific parameter is given in Figure 
57. 
                                                 
16 @Risk is an add-in to Microsoft Excel, and integrates completely with its spreadsheet. It was first released in 
1987 by Palisade Corporation, which is a company specialized in software add-ins to Microsoft Excel like the 
@Risk and the Decision Tools Suite.  
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Figure 57: Estimation process of project-specific parameters 
Source: Prepared by the author 
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5.2.2  Estimation of the overall risk 
With 𝑝𝑝, 𝑝𝑒 , and 𝑝𝑠denoting the probability of success under political risk, environmental risk, 
and social risk, respectively, the total probability of success 𝑝𝑜 (which is related to overall risk) 
is calculated by multiplying all success probabilities: 
𝑝𝑜 = 𝑝𝑝 ∙  𝑝𝑒 ∙ 𝑝𝑠                                                                      (5.11) 
The risk of failure under overall risks is then equal to 1 − 𝑝𝑜. In many cases, the materialization 
of environmental and social risks won’t lead directly to the failure of a REE project. However, 
in considering the importance of sustainable mining in this thesis, these risks are treated as key 
factors that affect the success of a REE project.  
Political risk: This may have an influence on the success of the REE projects development. If 
it takes place in a country with a low governance performance ranking, the production risk 
might be higher than in a stable country with good governance. For the estimation of political 
risk, the sub-index “political stability and absence of violence” of the World Bank’s World 
Governance Indicators (WGI) is used. The country scores lie between borders ranging from   
–2.5 (highest risk) to +2.5 (lowest risk), i.e. 5 points in total. As shown in Table 27, these scores 
are clustered into 5 groups using an arithmetic method to establish 5 risk categories: very high, 
high, moderate, low, and very low17. The country score range from +2.5 to +1.5 identifies as 
politically stable countries with very low risk; from +1.5 to +0.5 signifies a country of limited 
stability with low risk; from +0.5 to –0.5 signifies a country with fragile stability with moderate 
risk; from –0.5 to –1.5 signifies an unstable country with high risk; from –1.5 to –2.5 signifies 
a conflicted country, and the political risk is very high. The total score range is then divided 
into five equal parts, with each risk category covering a score range of 1. 
Subsequently, probabilities are grouped on the basis of comparable risk using similar arithmetic 
methods, with below 20 % being considered very high risk; 20 % to 39.9 % signifying high 
risk; 40 % to 59.9 % moderate risk; 60 % to 79.9 % low risk; and 80 % to 100 % signifying 
very low risk. A relationship is expected between the indexes with probabilities of corporate 
success as shown in Table 27. It is also important to consider the national policy regarding non-
renewable resources, i.e. if the host country has a trend of establishing nationalistic resource 
policies (see chapter 4.2.1), the political risk can be included in the category medium risk to 
highest risk. 
 
                                                 
17 Political risk can also be ranked by 3 categories: high, medium and low. The actual number of criteria in the 
scale makes little difference: In order to better segregate risk, 5 risk categories are used in this thesis.  
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Table 27: Score and probability ranges of political risk for different risk categories 
No. Risk category WGI Score range Ranking  Possibility frequency 
1 Very low +2.5 to +1.5 Stable 80 % – 100 % chance of success  
2 Low +1.5 to +0.5 Limited 
stability 
60 % – < 80 % chance of success  
3 Moderate +0.5 to –0.5 Fragile 
stability 
40 % – < 60 % chance of success  
4 High –0.5 to –1.5 Unstable  20 % – < 40 % chance of success 
5 Very high –1.5 to –2.5 Conflicted  0 % – < 20 % chance of success  
Source: Elaborated by the author according to the WGI scores  
Figure 59 illustrates the WGI scores for the countries where REE occurrences are located. The 
most stable REE country is Greenland, with a score of 1.89. New Zealand, Finland, Norway, 
Sweden, Canada and Australia have scores higher than 1.0, assigning them limited stability 
status. The most unstable country is Afghanistan, followed by the Dem. Rep. of the Congo, 
Nigeria, Libya, Egypt and Bangladesh, with scores lower than –1.5. Figure 58 plots a histogram 
of the number of countries within each score range. REE occurrences are located mostly in the 
unstable countries (34 %) and those with fragile stability (33 %). Only 22 % those countries are 
countries of limited stability, and only 1 % may be regarded as a stable country. 
 
 
Figure 58: Histogram of countries in political risk range 
Source: Elaborated by the author 
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Figure 59: Political stability of the host countries of REEs occurrences  
Source: Elaborated by the author according to the sub-index “political stability and absence of violence” 
of the World Bank’s World Governance Indicators (WGI), 2014 
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Environmental risk: The estimation of environmental risk is analogous to the estimation of the 
political risk. The Environmental Performance Index (EPI) of Yale and Columbia Universities 
is used for the estimation. The EPI ranks how well countries perform on high-priority 
environmental issues18. The EPI index varies between 0 and 100, with 0 being the worst 
observed value and 100 being the best observed value. A performance score below 50 is 
considered to be “worse performance”, where very high levels of environmental risk could 
occur; a score of 50 – 100 is regarded as “better performance”. See Figure 60 below.  
 
Figure 60: Illustration of proximity-to-target method used to calculate performance indicators in 
the EPI. 
Source: Environmental Performance Index (2014) 
Generally speaking, those countries with higher performance scores have established strict 
environmental regulations, and a control system to ensure the regulations are efficiently 
implemented. Hence, the environmental risk is correspondingly lower. Assuming that the 
occurrence of environmental damage will lead to the failure of the proposed REE project, 𝑝𝑒 
denotes the probability of success related to environmental risk, and an inverse relationship 
between the probabilities of environmental risk and the EPI index is expected, as presented in 
Table 28. Analogous to the estimation of the political risk, 5 risk categories are established for 
environment risk. However, the probability of the occurrence of environmental damage is 
considered as very low when the EPI score ranges between 100 – 80; between 79.9 – 70 is 
classified as low risk; between 69.9 – 60 as moderate risk; between 59.9 – 50 as high risk, and 
below 50 as very high risk.  
According to the EPI score, Australia has the highest environmental performance of all REE-
producing countries, as illustrated in Figure 61. In contrast, the performances of Afghanistan, 
Sierra Leone, the DRC, Bangladesh and Burundi are the lowest, ranging from 20 to 30. The 
biggest REE-supplying country, China, also exhibits relatively low performance, with a score 
of 42. Despite strict environmental regulations, environmental damage in China is enormous 
                                                 
18 EPI (2014): The EPI ranks how well countries perform on high-priority environmental issues for two broad 
policy objectives: environmental health and ecosystem vitality. Within these two policy objectives, the following 
nine areas are assessed: 1) health impacts, 2) air quality, 3) water and sanitation, 4) water resources, 5) agriculture, 
6) forests, 7) fisheries, 8) biodiversity and habitat, 9) climate and energy. These indicators measure how close 
countries are to meeting internationally established targets or, in the absence of agreed-upon targets, how they 
compare to the range of observed countries. 
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due to the failure of the control system and in the effective implementation of the regulations. 
India also has very low environmental performance (31.23). From Figure 62, it can be seen 
that most countries where REE occurrences are located have very low environmental 
performance.  
Table 28: Score and probability ranges of environmental risk for 5 risk categories 
No. Risk 
category 
Score range  Ranking  Success probability under 
environmental risk 
1 Very low  100 – 80 Very strict environmental 
regulations, and effectively 
implemented; very low 
probability of occurrence of 
environmental damage 
80 % – 100 % chance of 
success  
2 Low  79.9 – 70 Low probability of occurrence 
of environmental damage 
70 % – 79.9 % chance of 
success  
3 Moderate 69.9 – 60 Relatively high probability of 
occurrence of environmental 
damage 
60 % – 69.9 % chance of 
success  
4 High  59.9 – 50 High probability of occurrence 
of environmental damage 
50 % – 59.9 % chance of 
success 
5 Very high < 50 Very high probability of 
occurrence of environmental 
damage 
0 % – 50 % chance of 
success  
Source: Elaborated by the author  
It is also important to note that the environmental risk also includes the risk of radioactive 
emissions. If radioactivity levels are high in the production process, and no technology exists 
to recover thorium and uranium, the level of environmental risk is very high. In the case of a 
high risk of radioactive emissions, the project could be eliminated. For example, the exploration 
of placer deposit has been eliminated in China due to the high levels of radioactivity involved. 
Greenland also had a zero-tolerance policy towards uranium exploitation until 201319. 
                                                 
19 Greenland’s parliament repealed its long-standing zero-tolerance policy toward uranium exploitation following 
several years of discussion at both the community and political level, shifting the focus on the Kvanefjeld rare 
earth project from political to regulatory and permitting aspects. 
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Figure 61: Country range according to the environmental performance index  
Source: Elaborated by the author according to the EPI, 2014  
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Figure 62: EPI country environmental risk score proportions  
Source: Elaborated by the author according to the EPI, 2014  
 
Social risk: Negative social impacts can lower the success of REE project development, or even 
prevent a REE project from reaching fruition. However, no standard approach is yet available 
to quantify social risk. The level of social risk differs in each Country / region depending on the 
preferences of local communities and environmental conditions. For this thesis, the social risk 
was measured as the likelihood and degree of public acceptance and attitude, which can be 
classified into 5 risk categories: 1) high public acceptance, 2) mid-level public acceptance, 3) 
low public acceptance, but with low influence on project development, 4) high levels of public 
protest, with high influence on project development, 5) very strong public protest, so much so 
that the project could be stopped. The higher the acceptance levels of the local community, the 
greater the probability of successfully developing a REE project.  
Social risk can be measured as the likelihood and degree of public acceptance and attitude 
toward the project, as shown in Table 29. It is assumed that the probability of success with 
respect to social risk in the first risk category is greater than 95 % if the social impact is positive, 
and the level of public acceptance regarding the development of a REE project is relatively high. 
In contrast, the mineral project could be closed down if the level of protest of the local 
community is very strong (category 5). Then the REE project would only have a 19 – 5 % 
chance of development in the region. The probability of success can be clustered by using 
arithmetic methods, with a band difference of 25 %.  
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Table 29: Probability ranges of social risk in 5 risk categories 
No. Risk category Ranking  Probability Frequency 
1 Very low risk High public acceptance < 95 % chance to develop the project in the 
region 
2 Low risk Moderate public acceptance 95 – 70 % chance to develop the project in 
the region 
3 Moderate risk Low public acceptance, but 
low influence on project 
development 
70 – 45 % chance to develop the project in 
the region 
4 High risk High public protest, high 
influence on project 
development 
45 – 20 % chance to develop the project in 
the region 
5 Very high risk Strong public protest, 
project could be stopped   
19 – 5 % chance to develop the project in the 
region    
Source: Elaborated by the author 
 
Summary of the estimation process of overall risk: The random value of each overall risk factor 
is equally distributed in the probability range, with a maximum and a minimum within each 
risk category. The uniform distribution is suitable for the simulation. The process to estimate 
the total overall risk is then illustrated in Figure 63. 
(1) Political risk: Consult the World Bank governance index and determine the score for 
political stability, assigning the country to the respective risk category. The success 
probability range (a maximum and a minimum) for the uniform distribution is provided 
according to Table 27.  
(2) Environmental risk: Consult the environmental performance index of Yale University and 
Columbia University. According to the EPI score range in Table 28, the environmental 
risk and the probability limits of occurrence of the environmental risk will be identified. 
If the extraction of highly radioactive deposits has been prohibited in the location country, 
the probability of success for developing a REE deposit with radioactive elements 
association is then zero. 
(3) Social risk: Assess the condition of the ecosystem and the acceptance of local 
communities. Assign the risk score for the project according to Table 29.  
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Figure 63: Procedure for estimating overall risk 
Source: Elaborated by the author 
 
5.2.3  Estimation of time related risks 
A time-related risk is assumed to only occur in the development stage (i.e. before start up). The 
entire REE project may fail if the development stage takes too much time, either from the 
developer’s time budget point of view of procured permits become obsolete.  
For estimating the duration of the project development process, it is necessary to assess the 
status of a REE project. The process involves four sequential steps as illustrated in Figure 64: 
1. Has the exploration process been completed?  
2. Have all required legal permit/licences for extraction and production already been 
granted? This includes mining and mineral rights, production permits and 
environmental permits.  
3. Has the construction process been completed? Is access infrastructure already available? 
From top to bottom, the success of each step is a prerequisite for the next step. It is only when 
all of these preconditions have been fulfilled that REE production can commence. Any 
uncertainty associated with individual steps should be accounted for when estimating the time 
required for project development.  
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Figure 64: Process for estimating the development status of a REE project 
Source: Self- elaborated 
Letting 𝐿 denote the total duration of the development stage of a REE project, 𝑙𝑖 denotes the 
time length of the development stage 𝑖 (𝑖 = 1, 2, 3) – namely 𝑙1 = duration of exploration, 
𝑙2 =  duration of mining and production permitting, 𝑙3 =  duration of construction & 
infrastructure. Letting 𝑡∗ denote the maximum acceptable time period (for example 𝑡∗ = 10 
years), if ∑ 𝑙𝑖3𝑖=1 < 𝑡
∗ , the project is considered as a success, whereas if ∑ 𝑙𝑖3𝑖=1 > 𝑡
∗  the 
project is considered a failure. The probability of success associated with time risk 𝑝𝑡 is then 
plotted as the area to the left of 𝑡∗ in the probability distribution, as shown in Figure 65, and 
is given in mathematical terms by equation 5.12. The probability of project failure due to time 
risk is then 1 − 𝑝𝑡 , which is plotted as the area to the right of 𝑡
∗  under the probability 
distribution.  
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𝑝𝑡 = 𝑝(∑𝑙
𝑖
3
𝑖=1
< 𝑡∗)                                                           (5.12) 
where  
𝑝𝑡   Probability of success associated with time risk; 
𝑙𝑖   Duration of development step 𝑖 with 𝑖 = 1, 2, 3 
 
Figure 65: Probability distribution of the project development duration  
Source: Self- elaborated 
Each risk factor should be further categorised into 3 classes: the best case represents the lowest 
risk, the intermediate case represents moderate risk, and the worst case represents the highest 
risk. Letting 𝑙𝑖,𝑗 denote the time length of development stage 𝑖 (𝑖 = 1, 2, 3) in risk category 
𝑗 (𝑗 = 1, 2, 3), a triangular distribution is used to estimate the duration length distribution of 
each development step. Providing three time length limits within each risk category – a 
minimum 𝑙𝑚𝑖𝑛
𝑖,𝑗 , most likely time length 𝑙𝑚𝑙
𝑖,𝑗 , and a maximum 𝑙𝑚𝑎𝑥
𝑖,𝑗 , – a triangular distribution 
can be obtained. Table 30 shows the setting of limits.  
Table 30: Limits of time length of development step i in risk category j 
The best case The intermediate case The worst case 
𝑙𝑚𝑖𝑛
𝑖,1  𝑙𝑚𝑙
𝑖,1  𝑙𝑚𝑎𝑥
𝑖,1  𝑙𝑚𝑖𝑛
𝑖,2  𝑙𝑚𝑙
𝑖,2  𝑙𝑚𝑎𝑥
𝑖,2  𝑙𝑚𝑖𝑛
𝑖,3  𝑙𝑚𝑙
𝑖,3  𝑙𝑚𝑎𝑥
𝑖,3  
Source: Elaborated by the author  
Subsequently, the three limits 𝑙𝑚𝑖𝑛
𝑖,𝑗 , 𝑙𝑚𝑙
𝑖,𝑗 , and 𝑙𝑚𝑎𝑥
𝑖,𝑗  are set separately for each development step 
with respect to the risk factors in each stage:  
Exploration duration: As already introduced in chapter 4.2, the objective of exploration is to 
identify the potential ore reserve and the geometry of the deposit, and to determine the most 
appropriate mining and processing methods. This stage includes field studies, drilling tests and 
other exploratory excavations. Depending on the location, the geological condition of the 
potential ore and the size of the ore, the duration of the exploration can take anywhere between 
2 and 20 years. After exploration, the ore reserve and mining and processing methods are 
reported in feasibility studies, and the valuation of a REE project is based on the feasibility 
Failure, 𝑝𝑡(𝐿 > 10) 
t* = 10 
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studies. As presented in Table 31, it takes from 2 to 7.5 years just to complete the mineral 
feasibility study (Hickson and Owen, 2015).  
Table 31: Duration of feasibility studies 
Study Phase Average Time Duration Time Range 
Scoping evaluation 8 months 4 to 15 months 
Prefeasibility  18 months 8 to 36 months 
Feasibility 27 months 12 to 39 months 
Total 4 years 5 months 2 to 7.5 years 
Source: Hickson and Owen, 2015 
If a proposed REE project is still in the exploration stage, and the feasibility study has not been 
completed, the data for evaluating the proposed REE project is not sufficient, and the risk 
associated with investing in the REE project is very high. Hence, only those REE projects with 
completed prefeasibility or feasibility studies are considered for valuation in this thesis. 
Permitting process duration: The permitting process duration differs from country to country. 
In general, the permitting process is influenced by the transparency of the mineral right 
allocation system and efficiency of governmental institutions (see also chapter 4.2.2). If 
corruption in the host country is systemic, or there is no anti-corruption law that is enforced or 
enforceable, the permit approval process can be postponed due to an unclear reason. For 
estimation of the permitting process duration with respect to permitting risks, a similar method 
to that for measuring political risk is adopted, along with a grouping method for country risk 
estimation – both introduced by Wellmer et al. (2008)20.  
The estimation is carried out in 4 steps. Two sub-indexes of WGI are used (the “government 
effectiveness” and the “control of corruption” indexes), along with the ranking of mining 
countries by the Behre Dolbear Institute or the Fraser Institute:  
 Step 1: Establish the top ranking score of the country with respect to permitting delay. 
According to the country ranking by the Behre Dolbear Institute, 2014, three countries 
have the fewest delays – namely Canada, Australia, and Chile21. Consult the WGI of the 
                                                 
20 The detailed grouping method is found in Wellmer et al. (2008), p. 135, and Ainsworth (1991): Financing 
mining projects in the 1990s. 
21 In the rule of Ainsworth (1991), the ranking of the Fraser Institute is used for the estimation of the upper and 
lower ranking for country risk, since only permitting risk is estimated here. The ranking of the Behre Dolbear 
Institute is applied, in which the ranking is based separately on the delays in receiving permits due to bureaucratic 
and other issues. 
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World Bank and look up the score for government effectiveness and control of corruption 
for these three countries. Calculate the average score according these two sub-indexes for 
each country (the average score of other countries is presented in Figure 66). Each score 
for Canada, Australia and Chile is presented in Table 32. The upper limit is then 
established, as the arithmetic average is +1.65. 
Table 32: Country ranking score for Canada, Australia and Chile based on “government 
effectiveness” and “control of corruption” from the WGI of the World Bank, and the 
average score based on these two categories 
Country  Score in sub-index  
“government effectiveness”  
Score in sub-index 
“control of corruption” 
Average score 
Canada +1.77 +2.11 +1.94 
Australia +1.62 +1.83 +1.73 
Chile +1.25 +1.25 +1.25 
Arithmetic average +1.64 
Source: Elaborated by the author based on the WGI of the World Bank (2014) 
 Step 2: Establish a lower limit by using the same method as Step 1. According to the 
country ranking from the Behre Dolbear Institute, 2014, the three countries are with the 
most numerous permitting delays are Russia, Mongolia and China. Consult the scores for 
“government effectiveness” and “control of corruption” and calculate the average score 
for Russia, Mongolia and China (Table 33). The average score of the lower limit is then 
estimated to be  ̶ 0.34. 
Table 33: Country ranking score for Russia, Mongolia and China based on “government 
effectiveness” and “control of corruption” from the WGI of World Bank, and the average 
score based on these two categories 
Country  Score in sub-index  
“government effectiveness” 
Score in sub-index 
“control of corruption” 
Average score 
Russia ̶ 0.36 ̶ 0.40 ̶ 0.38 
Mongolia ̶ 0.54 ̶ 0.58 ̶ 0.56 
China ̶ 0.03 ̶ 0.15 ̶ 0.09 
Arithmetic average ̶ 0.34 
Source: Elaborated by the author based on the WGI of the World Bank (2014) 
 Step 3: The score range is from +1.64 to –0.34, i.e. 1.98 in total. This is divided into three 
equal parts to establish 3 risk categories: 1) the best case with the lowest risk, where 
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government efficiency with respect to the permitting process is relatively high and little 
or no corruption exists in the country, 2) the intermediate case with medium risk, where 
government efficiency with respect to the permitting process is relatively low and the 
country has a certain degree of corruption, and 3) the worst case with the highest risk, 
where government efficiency with respect to the permitting process is very low and 
corruption is systemic in the country. Calculate the average score range for each risk 
category by: 1.98 3⁄ = 0.66. Each risk category is covered with a score range of 0.66. 
All risk categories and their score ranges are listed in Table 34. 
Table 34: Risk categories and the score ranges 
No. Category Risk score  Concerns  
1 Best case  
(Lowest risk) 
+1.64 to +0.98 
(and more 
positive) 
No corruption, or corruption is prosecuted 
rigorously under established law; government 
efficiency with respect to the permitting 
process is relatively high  
2 Intermediate 
case (Medium 
risk) 
+0.98 to +0.32 Some degree of corruption, anti-corruption law 
is established, but ineffective due to political, 
legal or procedural loopholes; government 
efficiency with respect to the permitting 
process is relatively low 
3 Worst case 
(Highest risk) 
+0.32 to  ̶ 0.34 
(and more 
negative)  
Endemic corruption, anti-corruption law in 
place but not effectively enforced, or no anti-
corruption law; government efficiency in the 
permitting process is very low 
Source: Elaborated by the author 
 Step 4: Set the range of the expected duration of the permitting process for each risk 
category. There is currently insufficient data on permitting duration in different countries 
to allow for a statistical analysis. Therefore, the following ranges of permitting process 
duration in each case are assumed to allow further MC simulation:  
1) The best case: In Canada and Australia, a two-year timeline for approving mineral 
extraction is assumed (Behre Dolbear, 2014). The most likely permitting process 
duration is then set at 2 years. The minimum duration and the maximum duration can 
be assumed to be 1.5 and 3 years, respectively.  
2) The intermediate case: The duration can be assumed to vary over the following range: 
[min: 4 years, ml: 5 years, max: 6 years]. 
3) The worst case: According to the country ranking of the Behre Dolbear Institute, 
Russia, Mongolia and China are the countries with the most extreme permitting 
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delays. However, detailed information about permitting durations in Russia and 
China is not available. In a country with strict environmental regulations like the 
United States, the duration of permitting can be 7 to 10 years due to the both state 
and federal permitting procedures (Behre Dolbear, 2014). Therefore, the range of 
duration for the worst case is assumed to be: [min: 6 years, ml: 8 years, max: 10 
years].  
All ranges introduced above are presented in Table 35.  
Table 35: Expected duration of the mining permitting process regarding permitting risk category 
No. Category Risk score  Concerns  Expected duration (year) 
1 Best case 
(Lowest risk) 
+1.64 to +0.98 
(and more 
positive) 
No corruption, or corruption 
is prosecuted rigorously 
under established law 
1.5 2 3 
2 Intermediate 
case (Medium 
risk) 
+0.98 to +0.32 Some degree of corruption, 
anti-corruption law 
established, but ineffective 
due to political, legal or 
procedural loopholes  
4 5 6 
3 Worst case 
(Highest risk) 
+0.32 to  ̶ 0.34 
(and more 
negative)  
Systemic corruption, anti-
corruption law in place but 
not effectively implemented, 
or no anti-corruption law 
7 8 10 
Source: Elaborated by the author 
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Figure 66: The ratings for “control of corruption” and “government effectiveness”, and the 
average score of these two variables for each country where REE occurrences located   
Source: Elaborated by the author according to the WDI of the World Bank, 2014 
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Construction stage: The construction phase will start in accordance with the master plan of the 
mine. The operation will begin under the following conditions: 
 The technologies for mining and processing REEs are available. 
 The necessary manpower is available and trained. 
 The main construction projects for the mine, such as the enrichment factory, 
accommodation facilities for the manpower, etc. have been completed. 
 All machines and equipment have arrived on site. 
 Tailings plant is completed. 
 Infrastructural access for the mine and processing plant is available. 
The construction process duration for a mine and processing plant depends on several factors:  
1) Mining methods and complexity of the ore: In general, construction requirements for an 
open pit mine and ISL mine are shorter than for an underground mine.  
2) Size of the deposit: REE mines can be classified into 4 classes: resource < 10,000 tonnes 
is considered a small deposit; 10,000 – 100,000 tonnes a medium-sized deposit; 100,000 
– 1,000, 000 tonnes as a big deposit; and > 1,000,000 tonnes as a vast deposit (see 
chapter 2.4.2). 
3) Availability of technology and know-how for mining and processing process.  
4) Availability of infrastructural access for the mine, which usually includes power supply, 
water supply, internal roads, plant infrastructure, etc. 
It is important to take a close look at the situation of the specific project – it is not possible to 
generalise the construction process. However, the cost of operations and the production-related 
construction during this stage must be reflected in the feasibility study. The two main reasons 
that lead to delays are the availability of the mining and processing technology and the 
infrastructural access. The estimation of the time risk of construction is then based on the 
expected duration of the construction phase in the feasibility study, which considers the 
possibility of delay. This is to check if the schedule can be realised. If the technology of 
extracting and separating the ore still doesn’t exist, the new development could take more than 
10 years. Table 36 provides an assumption of the duration range of the construction phase. For 
the estimation for a real project, the range will be set as a function of the real project situation.  
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Table 36: Duration range of the construction phase as it relates to each risk category 
No. Category Risk lever  Concerns  Expected duration 
(year) 
1 The best 
case 
Lowest risk Technology and know-how are 
available; infrastructure is provide 
2 3 4 
2 The 
intermediate 
case 
Medium 
risk 
Preliminary test work is completed 
and construction of facility is 
advanced           
4 5 6 
3 The worst 
case 
Highest risk Lack of technology and shortage of 
trained and skilled technical and 
managerial workers 
lack of infrastructure, and new 
construction is not expected 
6 8 10 
Source: Elaborated by the author 
 
5.2.4  Estimation of expected output volume of REEs 
REE output volume is determined by the REE content in the ore and the recovery rate in each 
production process (mining, processing and separation). Hence, the estimation of the expected 
output volume consists of two parts: the estimation of the expected annual ore reserve as 
determined by the geological risk and the annual output volume determined by the technical 
availability. As already mentioned in chapters 1 and 4, REEs occur mostly as rare earth oxides 
(REOs) due to their strong affinity for oxygen, and many of REEs are sold as oxide components. 
Hence, the output volume of REEs is estimated as the recoverable REO after all production 
processes. 
5.2.4.1 Estimation of expected ore reserve 
For this estimation, 𝐸(𝑌) denotes the expected total reserve of the ore. The volume of the 
reserve is generally provided in prefeasibility/feasibility studies or in the database of geological 
agencies. The feasibility study consists of three components: a scoping study, a preliminary or 
prefeasibility study, and final feasibility study. In general, the reliability of the mineral estimate 
increases when exploration reaches a higher stage of feasibility. The geological risk captures 
the uncertainty of mineral resource estimation, i.e. the reliability of the reserve/resource 
estimation. The geological risk lever can then be measured by estimating the probability of the 
resources/reserves occurrences (Eggert, 2010). 
In general, the geological risk can be classified into three cases (see chapter 4.2.2):  
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 The best case: In the feasibility study, the resources/reserve are estimated according to NI 
43-101 or the JORC code, or another code that uses international standards. The 
confidence of resource estimation is very high, i.e. the probability of occurrence of the 
estimated resource is accurate; 
 The intermediate case: The estimation of the resource is provided in a pre-feasibility study, 
or the estimation is provided in the feasibility study, but not according to international 
standards, (as common, for example, in Russia). The probability of the occurrence of the 
estimated resource is less accurate;  
 The worst case: Resource estimation is provided in the scoping study. The confidence of 
the estimation is very low.   
Further, mineral resources in each risk category are sub-divided into inferred, indicated and 
measured resources, and mineral reserves are sub-divided into a probable mineral reserves and 
proven mineral reserves. The most uncertain category of resources is that of inferred resources, 
which provide a highly speculative estimation. Under the JORC guidelines for inferred 
resources, there should be at least a 10 % probability that the estimated mineral quantities will 
actually occur. For indicated mineral resources, the probability of the occurrence of the 
estimated quantities is at least 50 %. For measured reserves, there must be at least a 90 % 
probability that the estimated quantities will actually be recovered22.  
Let 𝑌𝑚, 𝑌𝑖𝑑, and 𝑌𝑖𝑓 denote the measured, indicated and inferred resource volumes estimated 
in the scoping study, pre-feasibility study or feasibility study. 𝑝𝐺
𝑚, 𝑝𝐺
𝑖𝑑, and 𝑝𝐺
𝑖𝑓 denote the 
confidence of the estimation of each resource class, i.e. the probability of the occurrence of an 
estimated REE resource. The total expected REE reserve volume 𝐸(𝑌) is then obtained by: 
𝐸(𝑌)  = 𝑌𝑚 ∗ 𝑝𝐺
𝑚 + 𝑌𝑖𝑑 ∗ 𝑝𝐺
𝑖𝑑 + 𝑌𝑖𝑓 ∗ 𝑝𝐺
𝑖𝑓                                          (5.13) 
𝑌𝑡 denotes the annual production of REE ore, where 𝑇 stands for the lifetime (in years) of the 
mine, and the expected annual ore production 𝐸(𝑌𝑡) is obtained by: 
𝐸(𝑌𝑡)   =
𝐸(𝑌) 
𝑇
                                                               (5.14) 
𝑇  can be taken from the prefeasibility/feasibility study. The commonly used formula to 
determine mine lifetime is Taylor’s formula, which is an empirically developed rule of thumb 
(Wellmer at el., 2008): 
                                                 
22 According to Haldar (2013), the economic ore reserves and resource are further subdivided as developed, 
proved, probable and possible, where the confidence of estimation of “developed” resources is ~90%, the 
confidence of estimation of “proved” or “measured” is ~80%, the confidence of estimation of “probable” or 
“indicated” resources is ~70%, and the confidence of estimation of “possible” or “inferred” resources is 50%. 
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𝑇 ≈ 0.2√total reserve tonnage expected
4                                       (5.15) 
or 
𝑇 ≈ 6.5√tonnage (in million tonnes)
4                                             (5.16) 
Subsequently, the confidence of resource estimation is estimated using the MC simulation 
method with uniform distribution. The range of the confidence (maximum and minimum) of 
estimation in each risk category is set as presented in Table 37. The range of confidence in the 
best case is set according to the JORC guidelines and Haldar (2013). This assumes that the 
confidence level of estimation in the intermediate case in each resource class is 70 % of the best 
case, and the confidence level in the worst case is only 45 % of the best case.  
Table 37: Confidence range of estimation of resources for each resource class in three risk 
categories   
Resources class The best case The intermediate case The worst case 
Measured 𝑝𝐺
𝑚 80 – 90 % 56 – 63 % 36 – 40.5 % 
Indicated 𝑝𝐺
𝑖𝑑 50 – 79 % 35 – 48.3 % 22.5 – 31.05 % 
Inferred 𝑝𝐺
𝑖𝑓 10 – 49 %  7 – 34.3 %  4.5 – 22.05 %  
Source: Elaborated by the author  
The confidence of resources estimation is generated by the simulation program @Risk. Figure 
67 illustrates the estimating procedure for the expected REE reserve. 
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Figure 67: Procedure of estimating the geological risk 
Source: Elaborated by the author  
 
5.2.4.2 Estimation of the expected REO output 
A REE project is only attractive if the REE ore can be extracted and further separated into 
individual rare earth products, which are usually sold in oxide form, i.e. how much expected 
RE reserve 𝐸(𝑌) can actually be recovered from the ore and produced as marketable REO 
product and with which grade. It is important to estimate the recoverable REO in each 
production process, namely mining, processing (the beneficiation and decomposition 
processes), and separating.  
𝑅𝑚, 𝑅𝑏, 𝑅𝑑 and 𝑅𝑠 denote the recovery rate in the mining process, beneficiation process, 
decomposition process and separating process, respectively. The production process is 
illustrated in Figure 68.  
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Figure 68: REE production process 
Source: Elaborated by the author (adapted from the similar process graph of Wellmer, 2008)  
The mining recovery rate 𝑅𝑚 is the percentage of the recoverable REE ore in the RE reserve; 
the recovery rate in the beneficiation process 𝑅𝑏 is the percentage of the total recovered in the 
concentrate (60 % REO) from the mined ore23; 𝑅𝑑 is the percentage of the quantity of mixed 
REO concentrate (90 % REO) relative to the quantity of REO in concentration. 𝑅𝑠  is the 
percentage of the quantity of individual REOs relative to the quantity of REO in the mixed REO 
concentration. In mathematical form, these recovery rates are given by:   
𝑅𝑚 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑎𝑏𝑙𝑒 𝑅𝐸𝑂 𝑖𝑛 𝑜𝑟𝑒 
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑅𝐸𝑂 𝑖𝑛 𝑜𝑟𝑒
 ∙ 100 % 
𝑅𝑏 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑅𝐸𝑂 𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑅𝐸𝑂 𝑖𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑖𝑒𝑑 𝑜𝑟𝑒
 ∙ 100 % 
𝑅𝑑 =
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑅𝐸𝑂 𝑖𝑛 𝑚𝑖𝑥𝑒𝑑 𝑅𝐸𝑂 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑅𝐸𝑂 𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒
 ∙ 100 % 
𝑅𝑠 =
𝑇𝑜𝑡𝑎𝑙 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑅𝐸𝑂
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑅𝐸𝑂 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑥𝑒𝑑 𝑅𝐸𝑂 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒
 ∙ 100 % 
𝑋 denotes the output volume of REO relative to recovery rates, where 𝑋 is then given by 
𝑋 = 𝐸(𝑌) ∗ 𝑅𝑚 ∗ 𝑅𝑏 ∗ 𝑅𝑑 ∗ 𝑅𝑠                                                     (5.17) 
The annual output in production 𝑋𝑡 in period t is then obtained by: 
𝑋𝑡 = 𝐸(𝑌𝑡) ∗ 𝑅𝑡
𝑚 ∗ 𝑅𝑡
𝑏 ∗ 𝑅𝑡
𝑑 ∗ 𝑅𝑡
𝑠                                                   (5.18) 
These recovery rates are determined by the technical availability, and the efficiency of the 
technology applied. With respect to the technical availability, technical risks can be classified 
into three categories: 
 The best case: The technology for mining/processing/separating and the necessary 
know-how are already available to reach the appropriate recovery rate, for instance, 
                                                 
23 A recovery of 90 % means that 90 % of the REO in the ore is recovered in the concentrate, and 10 % is lost in 
the tailings. 
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when the production takes place in co-operation with a partner with experience.  
 The intermediate case: Current technology for mining/processing/separating is not 
efficient. The recovery rate is relatively low.  
 The worst case: The mining/processing/separating technology is not available, or in the 
prototype or testing phase. The expected recovery rates are not sure to be reached.    
The output volume is estimated using MC simulation with a triangular distribution. By giving 
a range of the recovery rate for each production process in three risk categories (a maximum, a 
minimum, and a most likely value), the expected annual REO output volume is then obtained 
according to equation 5.18:     
𝐸(𝑋𝑡) = 𝐸(𝑌𝑡) ∗ 𝑅𝑡
𝑚 ∗ 𝑅𝑡
𝑏 ∗ 𝑅𝑡
𝑑 ∗ 𝑅𝑡
𝑠   
The next step is to set ranges of recovery rates according to the risk category. Due to the 
complexity of REE production processes and China’s quasi-monopoly status, only very limited 
information about REE production is available. For setting the ranges of recovery rates, it is 
important to observe the regulations and standards governing REE production in China.  
Since 2012, the Chinese government has set up a series of regulations and standards to 
strengthen the REE sector: 
 Standard entrance conditions for the rare earths industry 
 Minimum requirements of ‘three rates’ for rational development and utilisation of rare 
earth resources (trial implementation) 
 Standard systems for clean production in the rare earth industry 
These standards and requirements were developed and demonstrated by a number of experts 
based on investigation of REE mining and production of the major deposits in the provinces of 
Inner Mongolia, Shandong, Sichuan and South China. 
Standard entrance conditions for the rare earths industry: In 2012, China’s Ministry of 
Industry and Information Technology (MIIT) released “standard entrance conditions for the 
rare earths industry” to strengthen the REE sector. The standard has set the minimum recovery 
rates from the processing process to the separating process for different deposit types:   
 With respect to the resource aspects, it is also required that the mining dilution rate for 
mixed rare earth minerals and bastnäsite should not be more than 10 %;  
 The beneficiation recovery rates of hard rock ore are set according to the complexities of 
the ore24, such that for ores with recoverability from easy to medium, the recovery rate 
                                                 
24 Wills (2008), P7: the complexity of the ore depends on many factors, such as the ore grade, the grain size of the 
minerals, dissemination, and the association and shape of the minerals in the ore. 
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should be higher than 72 %, while for ore that is more difficult to recover or has a low REE 
grade, the recovery rate should be higher than 60 % (Table 38);  
Table 38: Minimum beneficiation recovery rate of hard rock ore 
Mineral type  Complexity for recovery Minimum mining recovery rate 
Hard rock  
Easy to medium 72 % 
Difficult 60 % 
Source: Elaborated by the author according to MITT regulation “Minimum requirements of ‘three 
rates’ for rational development and utilization of rare earth resources” 
 The total ore mining and processing recovery rate of ion adsorption deposits should not be 
less than 75 %; 
 In the REE decomposition process of bastnäsite ore and mixed ore (for example bastnäsite 
+ monazite ore from Bayan Obo), the recovery rate of mixed REO from REE concentrate 
should be not less than 90 %;  
 In the separating process of REE concentrate from bastnäsite ore and mixed ore, the total 
recovery rate of individual REOs from mixed REO should be not less than 95 %. In the 
separating process of ion adsorption clay, the total recovery rate should not be less than 
92 %;  
 Single REE extraction from placer (monazite) deposits is prohibited in China. 
In the case that the Chinese producer can’t meet the requirements, they can’t be awarded REE 
production rights. Mining companies that already exist will be forced to improve their 
production process or face being taken over by other qualified companies25. 
Minimum requirements of the ‘three rates’ for rational development and utilisation of 
rare earth resources: In November 2013, for the supervision and administration of rare earth 
mineral resources, the Ministry of Land and Resources (MLR) released “minimum 
requirements of ‘three rates’ for rational development and utilisation of rare earth resources 
(trial implementation)”. This requirement has set up the minimum of mining recovery rate, 
                                                 
25 The standard also sets the requirements from other aspects: the ore dressing recovery rate of ion adsorption 
deposits should not be less than 75 %. Furthermore:  
 the recycling rate of ore dressing waste water of mixed rare earth minerals and bastnäsite should not be less 
than 85 %, while that of ion adsorption deposits should not drop below 95 %;  
 the rehabilitation of plants and vegetation after mining of ion adsorption deposits should include at least 90 % 
of the affected area;  
 the yield of refined rare earth metal should be more than 92 %. 
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beneficiation recovery rate, and comprehensive utilisation rate of extraction of REE resources. 
The minimum of beneficiation recovery was set higher than in the entrance standard of 2012: 
 The mining recovery rate is classified according to the thickness of the ore body H. As 
shown in Table 39, the mining recovery rate in an open pit mine with H < 5 m should be 
higher than 94 %; with 5 m ≤ H <15 m, the recovery rate should be higher than 95 %; and 
with H > 15 m, the recovery rate should be higher than 96 %; the recovery rate in an 
underground mine should be higher than 90 %. The leaching recovery rate in an IAC 
deposit depends on the leaching method: the recovery rate with heap leaching should not 
be less than 87 %, while in-situ leaching recovery rates should not be less than 84 %.  
Table 39: Minimum mining recovery rate classified according to mining method 
Mining Method  Thickness of the ore body H Minimum mining recovery rate 
Open pit mining  H < 5 m 94 % 
5 m ≤ H <15 m 95 % 
H > 15 m 96 % 
Underground mining -------- 90 % 
Heap leaching  -------- 87 % 
In-situ leaching (ISL) -------- 84 % 
Source: Elaborated by the author according to MLR regulation “Minimum requirements of ‘three 
rates’ for rational development and utilisation of rare earth resources” 
 The recovery rates of beneficiation processes for hard rock have been set according to the 
complexities of the mineral paragenesis in the ore, as showed in Table 40. The mixed ore 
with bastnäsite and monazite in Bayan Obo is considered to be an ore with difficult 
recoverability, due to its complexity and relatively low REE grades.  
Table 40: Minimum beneficiation recovery rate related to ore type 
Ore type  Complexity of the mineral 
paragenesis 
Minimum mining recovery rate 
Hard rock  
Easy/simple 85 % 
Medium  75 % 
Difficult  65 % 
Source: Elaborated by the author according to MLR regulation “Minimum requirements of ‘three 
rates’ for rational development and utilization of rare earth resources” 
- 175 - 
 
 The recovery rate in the processing of IACs should be higher than 90 %26. 
Standard system of clean production of the rare earth industry  
In April 2015, the National Development and reform Commission of China (NDRC) released 
the “standard system of clean production of the rare earth industry” (NDRC, 2015). This 
standard system sets various requirements for clean production in the REE smelting and 
separating sectors27. The recovery rate for each decomposition and separation process is set 
according to the deposit type and for the three different technology levels I, II, and III28. Table 
41 provides the recovery rates for processing and separating according to different ore types.  
Table 41: Standard system for clean production in the rare earth industry 
Production process Technology level I Technology level II Technology level III 
Mixed ore (Monazite + 
Bastnäsite  
   
Recovery rate of mixed REO 
from carbonate (60 % REO)  
≥ 93 ≥ 92 ≥ 90 
Recovery rate of REO from 
mixed REO 
≥ 97 ≥ 96 ≥ 90 
Bastnäsite ore    
Recovery rate of mixed REO 
from carbonate (60 % REO)  
≥ 94 ≥ 92 ≥ 90 
Recovery rate of REO from 
mixed REO 
≥ 98 ≥ 97 ≥ 95 
IAC    
Total recovery rate ≥ 95 ≥ 94 ≥ 92 
Source: Elaborated by the author according to the standard system of clean production for the rare 
earth industry, NDRC, 2015 
 
                                                 
26 In REE extraction from IAC deposits, the beneficiation process is not required (see chapter 3.2). For assessment 
of the efficiency of leaching recovery, a total recovery rate is used that combines the recovery rate of the leaching 
process and the recovery rate of processing. The total recovery rate can be calculated by multiplication of the 
recovery rate of the leaching process and the recovery rate of processing. 
27 The requirements cover five categories: 1) the production technology and equipment, 2) materials and energy 
consumption, 3) resource utilisation & pollution, 4) product quality standards and 5) clean production management. 
28 The technologies and standards used in the system are provided in Appendix 4. 
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Subsequently, the range of recovery rates for each production stage in three cases is set based 
on the standards and requirements in China and the available information gathered from other 
REE production processes. The ranges set for each recovery rate are listed in table 42. 
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Table 42: Limits set for the simulation module with triangular distribution for technical risks  
(1) Mining recovery rate  
 
Best case: the advanced mining process already 
exists 
Intermediate case: the ore can’t be extracted 
efficiently due to the relatively low level of the 
technology  
 
Worst case:  the geological condition is complex, 
the extraction process and adequate equipment are 
not yet viable or available   
 𝑹𝒎𝒊𝒏
𝒎  𝑹𝒎𝒍
𝒎  𝑹𝒎𝒂𝒙
𝒎  𝑹𝒎𝒊𝒏
𝒎  𝑹𝒎𝒍
𝒎  𝑹𝒎𝒂𝒙
𝒎  𝑹𝒎𝒊𝒏
𝒎  𝑹𝒎𝒍
𝒎  𝑹𝒎𝒂𝒙
𝒎  
Hard rock, open pit  𝑅𝑚𝑖𝑛
𝑚 = 94 % 𝑅𝑚𝑙𝑚 = 95 % 𝑅𝑚𝑎𝑥𝑚 = 98 % 𝑅𝑚𝑖𝑛𝑚 = 85 % 𝑅𝑚𝑙𝑚 = 90 % 𝑅𝑚𝑎𝑥𝑚 = 94 % 𝑅𝑚𝑖𝑛𝑚 = 65 % 𝑅𝑚𝑙𝑚 = 75 % 𝑅𝑚𝑎𝑥𝑚 = 85 % 
Hard rock underground  𝑅𝑚𝑖𝑛
𝑚 = 85 % 𝑅𝑚𝑙𝑚 = 90 % 𝑅𝑚𝑎𝑥𝑚 = 98 % 𝑅𝑚𝑖𝑛𝑚 = 70 % 𝑅𝑚𝑙𝑚 = 80 % 𝑅𝑚𝑎𝑥𝑚 = 85 % 𝑅𝑚𝑖𝑛𝑚 = 50 % 𝑅𝑚𝑙𝑚 = 60 % 𝑅𝑚𝑎𝑥𝑚 = 70 % 
(2) Recovery rate in the 
beneficiation process 
 
Best case: the advanced beneficiation process 
already exists  
Intermediate case: the beneficiation process is not 
efficient enough to recover REO from the ore at the 
rate required  
Worst case: the ore is relatively new, the 
likelihood of achieving the expected beneficiation 
recovery rate is low 
 𝑹𝒎𝒊𝒏
𝒃  𝑹𝒎𝒍
𝒃  𝑹𝒎𝒂𝒙
𝒃  𝑹𝒎𝒊𝒏
𝒃  𝑹𝒎𝒍
𝒃  𝑹𝒎𝒂𝒙
𝒃  𝑹𝒎𝒊𝒏
𝒃  𝑹𝒎𝒍
𝒃  𝑹𝒎𝒂𝒙
𝒃  
Bastnäsite / Mixed ore 
with bastnäsite and 
monazite  
𝑅𝑚𝑖𝑛
𝑏 = 65 % 𝑅𝑚𝑙𝑏 = 85 % 𝑅𝑚𝑎𝑥𝑏 = 92 % 𝑅𝑚𝑖𝑛𝑏 = 40 % 𝑅𝑚𝑙𝑏 = 60 % 𝑅𝑚𝑙𝑏 = 70 % 𝑅𝑚𝑖𝑛𝑏 = 20 % 𝑅𝑚𝑙𝑏 = 50 % 𝑅𝑚𝑙𝑏 = 60 % 
Monazite + Xenotime 𝑅𝑚𝑖𝑛
𝑏 = 81 % 𝑅𝑚𝑙𝑏 = 90 % 𝑅𝑚𝑙𝑏 = 95 % 𝑅𝑚𝑖𝑛𝑏 = 40 % 𝑅𝑚𝑙𝑏 = 60 % 𝑅𝑚𝑎𝑥𝑏 = 70 % 𝑅𝑚𝑖𝑛𝑏 = 20 % 𝑅𝑚𝑙𝑏 = 50 % 𝑅𝑚𝑙𝑏 = 60 % 
(3) Recovery rate in the 
decomposition process 
𝑹𝒎𝒊𝒏
𝒅  𝑹𝒎𝒍
𝒅  𝑹𝒎𝒂𝒙
𝒅  𝑹𝒎𝒊𝒏
𝒅  𝑹𝒎𝒍
𝒅  𝑹𝒎𝒂𝒙
𝒅  𝑹𝒎𝒊𝒏
𝒅  𝑹𝒎𝒍
𝒅  𝑹𝒎𝒂𝒙
𝒅  
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Bastnäsite / Mixed ore 
with bastnäsite and 
monazite 
𝑅𝑚𝑖𝑛
𝑑 = 90 % 𝑅𝑚𝑙𝑑 = 92 % 𝑅𝑚𝑎𝑥𝑑 = 94 % 𝑅𝑚𝑖𝑛𝑑 = 50 % 𝑅𝑚𝑙𝑑 = 65 % 𝑅𝑚𝑎𝑥𝑑 = 70 % 𝑅𝑚𝑖𝑛𝑑 = 20 % 𝑅𝑚𝑙𝑑 = 50 % 𝑅𝑚𝑎𝑥𝑑 = 65 % 
Monazite 𝑅𝑚𝑖𝑛
𝑑 = 89 % 𝑅𝑚𝑙𝑑 = 92 % 𝑅𝑚𝑎𝑥𝑑 = 94.5 % 𝑅𝑚𝑖𝑛𝑑 = 50 % 𝑅𝑚𝑙𝑑 = 65 % 𝑅𝑚𝑎𝑥𝑑 = 70 % 𝑅𝑚𝑖𝑛𝑑 = 20 % 𝑅𝑚𝑙𝑑 = 50 % 𝑅𝑚𝑎𝑥𝑑 = 65 % 
IAC 𝑅𝑚𝑖𝑛
𝑑 = 70 % 𝑅𝑚𝑙𝑑 = 75 % 𝑅𝑚𝑎𝑥𝑑 = 80 % 𝑅𝑚𝑖𝑛𝑑 = 50 % 𝑅𝑚𝑙𝑑 = 65 % 𝑅𝑚𝑎𝑥𝑑 = 70 % 𝑅𝑚𝑖𝑛𝑑 = 20 % 𝑅𝑚𝑙𝑑 = 50 % 𝑅𝑚𝑎𝑥𝑑 = 65 % 
(4) Recovery rate in the 
separation process 
 
Best case: the industrial production process is 
advanced enough to produce all REEs with high 
purity  
Intermediate case: the separation technology is not 
efficient enough to produce all REEs with high 
purity 
Worst case: the separation process is not available 
or is still in the R&D stage  
 𝑹𝒎𝒊𝒏
𝒔  𝑹𝒎𝒍
𝒔  𝑹𝒎𝒂𝒙
𝒔  𝑹𝒎𝒊𝒏
𝒔  𝑹𝒎𝒍
𝒔  𝑹𝒎𝒂𝒙
𝒔  𝑹𝒎𝒊𝒏
𝒔  𝑹𝒎𝒍
𝒔  𝑹𝒎𝒂𝒙
𝒔  
Bastnäsite / Mixed ore 
with bastnäsite and 
monazite 
𝑅𝑚𝑎𝑥
𝑠 = 95 % 𝑅𝑚𝑎𝑥𝑠 = 96 % 𝑅𝑚𝑎𝑥𝑠 = 98 % 𝑅𝑚𝑎𝑥𝑠 = 60 % 𝑅𝑚𝑎𝑥𝑠 = 70 % 𝑅𝑚𝑎𝑥𝑠 = 80 % 𝑅𝑚𝑎𝑥𝑠 = 20 % 𝑅𝑚𝑎𝑥𝑠 = 50 % 𝑅𝑚𝑎𝑥𝑠 = 60 % 
Monazite 𝑅𝑚𝑎𝑥
𝑠 = 95 % 𝑅𝑚𝑎𝑥𝑠 = 96 % 𝑅𝑚𝑎𝑥𝑠 = 98 % 𝑅𝑚𝑎𝑥𝑠 = 60 % 𝑅𝑚𝑎𝑥𝑠 = 70 % 𝑅𝑚𝑎𝑥𝑠 = 80 % 𝑅𝑚𝑎𝑥𝑠 = 20 % 𝑅𝑚𝑎𝑥𝑠 = 50 % 𝑅𝑚𝑎𝑥𝑠 = 60 % 
IAC 𝑅𝑚𝑎𝑥
𝑠 = 92 % 𝑅𝑚𝑎𝑥𝑠 = 94 % 𝑅𝑚𝑎𝑥𝑠 = 95 % 𝑅𝑚𝑎𝑥𝑠 = 60 % 𝑅𝑚𝑎𝑥𝑠 = 70 % 𝑅𝑚𝑎𝑥𝑠 = 80 % 𝑅𝑚𝑎𝑥𝑠 = 20 % 𝑅𝑚𝑎𝑥𝑠 = 50 % 𝑅𝑚𝑎𝑥𝑠 = 60 % 
Source: Elaborated by the author 
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(1) Mining recovery rate  
The mining recovery rate is determined by many factors, such as deposit type, mining method, 
depth of the ore deposit, and the complexity of the ore. A very high recovery rate can be reached 
in open pit mining. However, a 5 % loss can usually be assumed. In underground mining, a 
100 % recovery rate is virtually impossible. In many cases, however, a recovery rate of 85 – 
90 % may reasonably be assumed (Wellmer, 2008)29. The mining method for placer deposits 
depends on whether the mine is covered by water. Where water does not cover the deposit, 
variations of open pit excavation methods may be used. The recovery rate is assumed to be 
similar to that of an open pit mine. If the placer mine is under water, dredging is the most 
common method. Generally, over 90 % of the ore in a placer deposit can be recovered (Jackson 
and Christiansen, 1993).  
The best case: The advanced technology and know-how are available. The high recovery rate 
is achievable. Considering the Chinese mining requirements and Wellmer (2008), the range of 
mining recovery rates for an open pit mine can be set with these three limits: minimum, most 
likely and maximum [𝑅𝑚𝑖𝑛
𝑚 = 94 %, 𝑅𝑚𝑙
𝑚 = 95 %, 𝑅𝑚𝑎𝑥
𝑚 = 98 %]; and for an underground 
mine: [𝑅𝑚𝑖𝑛
𝑚 = 85 %, 𝑅𝑚𝑙
𝑚 = 90 %, 𝑅𝑚𝑎𝑥
𝑚 = 95 %]. 
The intermediate case: The technology is sufficient for extraction of the ore. The mining 
recovery in open pit mining can be set in the range of [𝑅𝑚𝑖𝑛
𝑚 = 85 %, 𝑅𝑚𝑙
𝑚 = 90 %, 𝑅𝑚𝑎𝑥
𝑚 =
94 %]; and in underground mine in the range of [𝑅𝑚𝑖𝑛
𝑚 = 70 %, 𝑅𝑚𝑙
𝑚 = 80 %, 𝑅𝑚𝑎𝑥
𝑚 = 85 %].  
The worst case: The geological condition is complex; the current technology is not sufficient 
for the extraction of the ore. A low mining recovery range for open pit mining and for 
underground mine are assumed: [𝑅𝑚𝑖𝑛
𝑚 = 50 %, 𝑅𝑚𝑙
𝑚 = 60 %, 𝑅𝑚𝑎𝑥
𝑚 = 70 %]. 
(2) Recovery rate of beneficiation processes 
In beneficiation processes, concentrate with an REE grade of higher than 60 % can be obtained. 
Recovery rates in beneficiation processes are determined by the mineral types involved, namely 
bastnäsite, monazite, mixed mineral with bastnäsite and monazite, and ion adsorption clay. For 
other REE minerals apart from bastnäsite, monazite, xenotime, and loparite, commercial-scale 
processes have yet to be demonstrated.  
The best case: Bastnäsite beneficiation is carried out using gravity, magnetic, and flotation 
processes. At the Maoniuping plant, a very high recovery rate of between 85 – 92 % with a 
grade of 62 – 70 % REO is achieved (Jordens et al. 2013). In Mountain Pass, a high recovery 
rate of 88 % was obtained for the beneficiation of bastnäsite ore using double reverse gangue 
                                                 
29 Pillars are often left, so that actual recovery depends on the particular mining method, and may range from 
below 70% for room and pillar operations to > 90% for cut and fill operations. 
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flotation (calcite flotation and barite flotation) followed by bastnäsite flotation (Ferron et al. 
1991, Gupta and Krishnamurthy, 2005). According to the Chinese “minimum requirements of 
‘three rates’ for rational development and utilisation of rare earth resources”, the minimum 
recovery rate for complex ore is 65 % and for simple to medium-complex ore is 75 – 85 % 
(Table 38). These minimum requirements are used as the minimum and most likely limits for 
setting the recovery rate range. A range of beneficiation recovery rate 𝑅𝑏 for the best case is 
set with the following limits: [𝑅𝑚𝑖𝑛
𝑏 = 65 %, 𝑅𝑚𝑙
𝑏 = 85 %, 𝑅𝑚𝑎𝑥
𝑏 = 92 %].  
Monazite and xenotime beneficiation is well established from beach sands using gravity, 
magnetic and electrostatic separation. Extraction of REEs from placer deposits has been 
abandoned in China. The biggest REE producer from placer deposits is India. The recovery rate 
in the placer mining industry in India is reported to be 90 % (Elangovan et al., 2009). The range 
of beneficiation recovery for placer ores is then assumed to be for the best case: 
[𝑅𝑚𝑖𝑛
𝑏 = 81 %, 𝑅𝑚𝑙
𝑏 = 90 %, 𝑅𝑚𝑎𝑥
𝑏 = 95 %]. 
The intermediate case: In the past, China had a lower recovery rate in concentration plants of 
40 % to 60 % (Schüler et al., 2011). Before the Mountain Pass mine was shut down in 2002, 
the overall recovery rate of Mountain Pass was between 65 – 70 % (Fuerstenau and Pradip, 
1988, Gupta and Krishnamurthy, 2005). It may be assumed that these recovery rates were 
achieved at a time when the beneficiation technology was not yet fully developed. They can 
therefore be used as limits for the intermediate case. It can be assumed that the beneficiation 
recovery rate of monazite and xenotime has similar limits. The range of beneficiation recovery 
𝑅𝑏  for the intermediate case is then set with these limits: [𝑅𝑚𝑖𝑛
𝑏 = 40 %, 𝑅𝑚𝑙
𝑏 = 60 %,
𝑅𝑚𝑎𝑥
𝑏 = 70 %].  
The worst case: The beneficiation technology for the mineral is further developed. However, 
the beneficiation process can be very complex, and the separation of the REE mineral from 
other gangue minerals can be very difficult. The risk of failing to achieve the expected recovery 
rate is very high, and the minimum recovery rate can be very low. The range of beneficiation 
recovery of hard rock ore is assumed for the worst case, as follows: [𝑅𝑚𝑖𝑛
𝑏 = 20 %, 𝑅𝑚𝑙
𝑏 =
50 %, 𝑅𝑚𝑎𝑥
𝑏 = 60 %]. 
(3) Recovery rate in the decomposition process 
Following beneficiation, the REE concentrates are further processed to increase the REO grade 
from 60 % up to 90 % (see chapter 3.2.2).  
The best case: Recovery of REEs from bastnäsite can be accomplished using the HCl-NaOH 
digestion method. This method was used for the recovery of REEs from the Mountain Pass 
deposit. The Mountain Pass concentration plant operated with a high recovery rate of about 90 % 
due to very fine grinding of the minerals (Gupta and Krishnamurthy, 2005). The decomposition 
process for the mixed bastnäsite–monazite concentrate at the Bayan Obo deposit is very 
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complex. The main method involves sulphuric acid. Based on the “Standard system of clean 
production of rare earth resources” in China, the recovery rates are set according to different 
production techniques (Table 41), and a range of decomposition recovery rates for bastnäsite 
and mixed ore is then assumed in the best case: [𝑅𝑚𝑖𝑛
𝑑 = 90 %, 𝑅𝑚𝑙
𝑑 = 92 %, 𝑅𝑚𝑎𝑥
𝑑 = 94 %]. 
Monazite is usually treated by an alkali method. The overall recovery rate can reach 94.5 % 
with a sodium hydroxide digestion process (Gupta and Krishnamurthy, 2005). A high-
temperature process suggested by Merritt (1990) only obtained a recovery rate of 89 %. In this 
process, the monazite reacts with calcium chloride and calcium carbonate at high temperature. 
A range of decomposition recovery rates of monazite may then be assumed for the best case 
with the following limits: [𝑅𝑚𝑖𝑛
𝑑 = 89 %, 𝑅𝑚𝑙
𝑑 = 92 %, 𝑅𝑚𝑎𝑥
𝑑 = 94.5 %]. 
In-situ recovery of REEs in IAC deposits is conducted by injection of chemical solutions into 
the ore body. The leachates containing the REEs are subsequent collected for further recovery 
in a chemical processing process (see chapter 3.4.3). The recovery rate in the ISL process is 
determined by the loss of the REE reserve during the leaching process, as well as loss in the 
further chemical processing process. An overall recovery rate for mining and processing is 
usually used to assess extraction efficiency. According to the Chinese “standard entrance 
conditions for the rare earths industry”, the total recovery rate of REO in IAC deposits should 
not be less than 75 %. It is assumed that the highest and the lowest recovery rate flow 5 % of 
the target recovery rate. A range of leaching recovery rate for IAC ore is then assumed for the 
best case with these limits: [𝑅𝑚𝑖𝑛
𝑑 = 70 %, 𝑅𝑚𝑙
𝑑 = 75 %, 𝑅𝑚𝑎𝑥
𝑑 = 80 %]. 
The intermediate case: Due to a lack of information, these limits are assumed for three deposit 
types in the intermediate case: [𝑅𝑚𝑖𝑛
𝑑 = 50 %, 𝑅𝑚𝑙
𝑑 = 65 %, 𝑅𝑚𝑎𝑥
𝑑 = 70 %].   
The worst case: For other RE minerals excluding bastnäsite, monazite, xenotime and IAC ore, 
no industrial-scale decomposition process is available. Development of a new process is a 
subject with high risk. To simplify the simulation process, only one range of the decomposition 
recovery rate is set for the worst case. It is assumed that the expected decomposition recovery 
rate is 50 %, with a maximum recovery rate of 65 %. A very low minimum recovery rate of 
20 % is assumed. The range of decomposition recovery is set for the worst case with these 
limits: [𝑅𝑚𝑖𝑛
𝑑 = 20 %, 𝑅𝑚𝑙
𝑑 = 50 %, 𝑅𝑚𝑎𝑥
𝑑 = 65 %]. 
(4) Recovery rate in separation processes 
The value of individual REEs depends on their purities after separation from REE concentrates. 
Most common RE products are individual rare earth oxides (REOs) with minimum purities of 
99.9 %.  
The best case: Since China is the largest supplier, it has the ability to process different types of 
REE ore and achieve very high purity in REE products. It can be assumed that the separating 
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technologies in China are the most advanced, and may be assigned to the category “the best 
case”. According to the “Standard system of clean production of rare earth resources”, the 
recovery rates for separation have also been set for different separating technologies. For 
example, for the treatment of mixed REO concentrate from mixed rare earth ore, fuzzy linkage 
extraction technology is used with non-saponified extractant, and for NaHCO3/Na2CO3 
precipitation, the recovery rate should not be lower than 98 %. Using fuzzy linkage extraction 
technology with saponified extractant and oxalic acid precipitation, the recovery rate should 
not be lower than 96 %. Using sodium saponification extraction technology and NaHCO3 
precipitation, the recovery rate should not be lower than 95 %. The range of separation recovery 
for bastnäsite and mixed ore is set for the best case with these limits: [𝑅𝑚𝑖𝑛
𝑠 = 95 %, 𝑅𝑚𝑙
𝑠 =
96 %, 𝑅𝑚𝑎𝑥
𝑠 = 98 %]. For the treatment of IAC concentrate, the recovery rate should not be 
lower than 95 %, 94 % and 92 % for the similar technology above. The range is then set as 
[𝑅𝑚𝑖𝑛
𝑠 = 92 %, 𝑅𝑚𝑙
𝑠 = 94 %, 𝑅𝑚𝑎𝑥
𝑠 = 95 %]. 
Rhône-Poulenc could also separate any REE with a high purity of > 99.999 %. Most REEs are 
produced by solvent extraction, while certain REEs are won using ion exchange (Gupta and 
Krishnamurthy, 2005).   
The intermediate case: In the past, different REE separating processes were developed for 
industrial production. For example, in 1967, Molycorp developed a separation process to 
recover high-purity europium (see chapter 3.5.2). In this process, more than 98 % of the 
europium can be extracted, and more than 99.99 % pure Eu2O3 is obtained by calcination. 
However, the content of europium in Mountain Pass ore is only 0.1 %. The utilisation of other 
REEs was not high.  
At the Alwaye Plant of Indian Rare Earths Ltd., solvent extraction with HDEHP was used for 
rapid initial concentration of the HREEs and for the production of concentrates of various 
individual REEs such as Sm, Eu, Gd, and Y with purities ranging from 60 to 95 %.  
For the simulation, a range with these limits is assumed: [𝑅𝑚𝑖𝑛
𝑠 = 60 %, 𝑅𝑚𝑙
𝑠 = 70 %,
𝑅𝑚𝑎𝑥
𝑠 = 80 %]   
The worst case: There is no technology to separate and recover all individual REEs in high 
purity, or the technology is still in the R&D stage: the separation recovery rate can be very low. 
A range is then assumed with these limits: [𝑅𝑚𝑖𝑛
𝑠 = 20 %, 𝑅𝑚𝑙
𝑠 = 50 %, 𝑅𝑚𝑎𝑥
𝑠 = 60 %].  
 
Estimation procedure of REE volume  
For estimation of the expected REO output of a proposed REE project, it is important to identify 
the deposit type, the complexity of the REE mineral, the mining and processing method used 
for REE production, and the technical availability. As the result, a “checking” process is carried 
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out for the estimation of the recovery rate in each production stage. Figure 69 illustrates the 
procedure for the estimation.  
In the mining stage, it must be determined which mining method is applied, i.e. open pit mining, 
underground mining, or in-situ leaching. The next step is to check if the mining technology is 
available to achieve adequate recovery rates and low dilution. Subsequently, the estimation is 
assigned into an adequate risk category with a certain range of recovery rate.  
For beneficiation processes, the type of the proposed deposit must be determined, i.e. hard rock, 
heavy mineral from a placer deposit, or ion adsorption clay. For the hard rock, the ore can be 
further classified into ore of simple/medium recoverability and ore of difficult recoverability. It 
must then be checked whether the beneficiation technology is available to produce the 
concentrate with a purity of higher than 60 %.  
In the decomposition and separating stages, the estimation is classified into three classes 
according to the source of the concentrate: concentrate from hard rock deposits, concentrate 
from placer deposits, or from IAC deposits. This is to check whether the technology is available 
to produce 90 % concentrate in the decomposition process, and 99.9 % REO products in the 
separation process. The estimation is then assigned to the adequate risk category.  
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Figure 69: Procedure for the estimation of the recoverable REEs with respect to technical risk 
Source: Elaborated by the author  
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5.2.5  Estimation of the costs of a REE project  
The costs of a REE project can be classified into two categories: initial development costs and 
operating costs. 
Initial development costs refer to the initial investment into (Bartz, 2013):  
 Permitting fee, commissioning / start-up costs;  
 Equipment, initial overburden removal; 
 Construction, buildings, infrastructures, tailing facilities, EPCM (engineering, 
procurement and construction management); 
 Effluent treatment, initial spare parts and construction overhead.  
Development costs are estimated using equation (5.4), which was already introduced in chapter 
5.2.  
Operating costs are understood as day-to-day expenses in the operation of a mine and 
processing plant. They include the following costs (Bartz, 2013):  
 Labour costs 
 Costs for power and water consumption  
 Costs for consumables, reagents and consumable materials 
 Maintenance costs  
 Taxes, duties, levies etc. 
 Assaying costs based on quantities and consumable costs  
 Overhead costs and costs for third-party services 
The estimation of the operating costs of a REE project depends on many factors, such as the 
mining method, the geological characteristics of the ore, the complexity of the REE minerals, 
the deposit locations and the applied processing methods. In general, the mining costs in an 
open pit mine are lower than in an underground mine. The production costs depend on the status 
of environmental protection measures and the costs of equipment operation. Processing costs 
and separating costs can be quite different depending on the grade of the REE minerals and the 
processing methods applied. Unfortunately, only limited data on REE production costs are 
published. 
Cost estimation is an essential part of the feasibility study. The accuracy of the estimate ranges 
across a bandwidth according to the category of the feasibility study. Although there is no 
international standard for quality or accuracy in each stage of a feasibility study, the SME 
Mining Engineering Handbook provides a set of ranges of accuracy of cost estimation (Table 
43 and Table 44) in each stage of the feasibility study.  
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Table 43: Accuracy of development cost estimates in feasibility studies 
Category Accuracy range 
Conceptual or scoping study –50 % +50 % 
Prefeasibility study –25 % +25 % 
Feasibility study –15 % +15 % 
Source: Modified from Nelson, SME (2011), P.301 
Table 44: Accuracy of operating cost estimates in feasibility studies 
Category Accuracy range 
Conceptual or scoping study –50 % +50 % 
Prefeasibility study –25 % +25 % 
Feasibility study –15 % +15 % 
Source: Modified from Nelson, SME (2011), P.301 
The ranges of accuracy are used for estimating the (expected) costs of a REE project using an 
MC simulation with uniform distribution. The expected development costs and operating costs 
are calculated by: 
𝐸(𝐷𝑡0) = 𝐷𝑓 ∙ (1 + 𝑎𝐷
∗ )                                                                  (5.19) 
𝐸(𝑂𝐶𝑡) = 𝑂𝐶𝑓 ∙ (1 + 𝑎𝑂𝐶
∗ )                                                             (5.20) 
where  
  𝐸(𝐷𝑡0)  Expected initial development costs, 
  𝐸(𝑂𝐶𝑡)  Expected operating costs in time t, 
  𝐷𝑡0
∗    Initial development costs estimated in the feasibility study, 
  𝑂𝑃𝑡
∗  Operating costs estimated in the feasibility study, 
  𝑎𝐷
∗     Accuracy of the estimation of the development costs, 
  𝑎𝑂𝐶
∗    Accuracy of the estimation of the operating costs. 
 
5.2.6  Estimation of future REE prices 
At the market stage, the price risk is valued using risk-neutral probabilities. The fluctuation of 
REE prices can be captured by a binomial option model to obtain a range of future prices. 
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Because many REEs are sold as oxide components and their prices are often referred in terms 
of REOs, the REO prices are therefore used for the estimation of future prices (see chapter 4.1). 
Starting with a deterministic price 𝑆 (𝑡 = 0), a binomial tree for prices is constructed with 
upside and downside changes of prices. These can be written as follows (Cox et al., 1979; 
Nelson and Ramaswamy, 1990): 
𝑢 = 𝑒𝜎√∆𝑡                                                                              (5.21) 
𝑑 = 𝑒−𝜎√∆𝑡 =
1
𝑢
                                                                  (5.22) 
where: 
𝑢  Upside change (decrease) of the price of an REO,  
𝑑  Downside change (rise) of the price of an REO, 
𝜎   Volatility of an REO price, 
∆𝑡  Number of years to expiration.  
The upside price 𝑆1
𝑢 and the downside price 𝑆1
𝑑 at 𝑡 = 1 can be defined as follows by: 
𝑆1
𝑢 = 𝑆0𝑢  
𝑆1
𝑑 = 𝑆0𝑑 
Within the binomial tree of the REO, upside and downside changes occur with specific and 
individual probabilities for each node within the tree. The risk-neutral probability of a rise in 
REO prices is given by:  
𝑝 =
(1 + 𝑟𝑓∆𝑡) − 𝑑
𝑢 − 𝑑
                                                              (5.23) 
By corollary, the risk-neutral probability of decrease is then 1 − 𝑝. By way of example, a one-
period binomial tree is shown in Figure 70 and a binomial tree for 5 periods of change of the 
REO prices is shown in Figure 71.    
 
Figure 70: Binomial tree for a one-period change of TREO prices 
Source: Author-prepared 
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Figure 71: Binomial tree for 5 periods of change of TREO prices 
Source: Prepared by the author 
For the estimation of the volatility of REO prices, a stochastic method must be selected. There 
are many such methods mentioned in the literature (and especially for metal price modelling), 
and the range goes from simple trend analysis to complex time series and econometric models. 
For the purpose of a REE project, the selection of an appropriate forecasting model plays a 
critical role. The most widely used model to characterise the future behaviour of prices in 
discrete time is the Geometric Brownian Motion (GBM) process, given by: 
𝑑𝑆𝑡 = 𝜇∆𝑡 + 𝜎√∆𝑡𝑑𝑍𝑡                                                      (5.24) 
where 𝑑𝑆𝑡 is the change in spot price over a discrete period; 𝜇 is the expected price (drift 
process); 𝜎 is the price volatility; 𝑍𝑡~𝑁(0 , 1) and 𝑡 ∈ [0 , 𝑇]. 
However, REO prices do not follow a stochastic process converging to GBM. From 2010 to 
2012, there was a dramatic increase in prices for all REOs, but in 2013, process collapsed again. 
In the long run, however, it can be assumed that the prices of REOs will reflect the marginal 
production costs and market demand. Therefore, it is probably convenient to use the Mean 
Reverting Model (MR) to model the future behaviour of REO prices30. An MR model is a 
stochastic process model, and it can be written as follows:  
𝑑𝑥𝑡 = 𝜂(?̅? − 𝑥𝑡)𝑑𝑡 + 𝜎𝑑𝑧𝑡                                                   (5.25) 
where  
    𝑥𝑡  Natural log of a spot price 𝑆𝑡, with 𝑥𝑡 = 𝑙𝑜𝑔(𝑆𝑡) and 𝑆𝑡 = exp(𝑥𝑡), 
                                                 
30 The main difference between the GBM and the MR is the drift term. The MR process is a stationary process 
around the equilibrium level, while the GBM is a non-stationary process where the variance increases with time. 
In fact, the MR variance increases rapidly until reaching a stable level that remains constant over time. The MR 
drift is positive if the current price level is lower than the equilibrium level 𝑆𝑡 < ?̅? and the MR drift is negative 
if 𝑆𝑡 > ?̅?. 
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𝜂  Mean reversion speed,  
?̅?  Long term average to which 𝑥𝑡 reverts,  
𝜎  Volatility of price, and  
𝑑𝑧  Standard Wiener process.  
The estimation of the volatility of the process of REO price 𝜎 using the MR model31 is carried 
out by using the program R32. If 𝑆𝑡 represents the monthly price, the variance of yearly prices 
is obtained by:  
𝜎𝑦𝑒𝑎𝑟 = 𝜎 ⋅ √12                                                           (5.26) 
Applying this MR model to REEs, one must recall that there are 17 individual elements and 
that prices differ depending on their levels of supply and demand. Note also that each REE 
deposit has different proportions of individual REOs and, as a result, the value of a REE project 
depends on a combination of prices of REOs depending on the weighted share of each REO in 
the REE deposit. Hence, there is a need to create a so-called “total REO price” (TREO price) 
which reflects this occurrence of various REOs in a REE deposit, to be written as follows:  
𝑆𝑡
∗ =∑𝑟𝑞𝑆𝑡
𝑞
17
𝑞=1
                                                               (5.27) 
where  
𝑆𝑡
𝑞  Individual REO price at time t, 
𝑞   Number of individual REOs, with 𝑞 = 1, 2, … , 17,  
𝑟𝑞   Percentage of individual REOs of total REOs, with 𝑞 = 1, 2, … , 17,  
𝑆𝑡
∗   TREO price weighted by ratio of individual REO at time t.  
Proof: Let 𝑅𝑡 denote the revenue from production at time t. 𝑅𝑡 is then the sum of revenues 
from sale of the individual REO product. Each revenue can be obtained by multiplication of the 
annual REO output volume 𝑋𝑡
𝑞 and its price 𝑆𝑡
𝑞 at time t. 𝑋𝑡
𝑞 is equal to 𝑟𝑞𝑋𝑡. The total REO 
price at time t is then weighted with individual REO rates. The mathematic proof is shown as 
follows: 
                                                 
31 The estimation process is provided in Appendix 5. 
32 R foundation: R is a language and environment for statistical computing and graphics, which provides a wide 
variety of statistical (linear and nonlinear modelling, classical statistical tests, time-series analysis, classification, 
clustering, etc.) and graphical techniques, and is highly extensible.  
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𝑅𝑡 = 𝑋𝑡
1𝑆𝑡
1 + 𝑋𝑡
2𝑆𝑡
2 +⋯+ 𝑋𝑡
17𝑆𝑡
17 
      = 𝑟1𝑋𝑡𝑆𝑡
1 + 𝑟2𝑋𝑡𝑆𝑡
2 +⋯+ 𝑟17𝑋𝑡𝑆𝑡
17 
      = 𝑋𝑡(𝑟1𝑆𝑡
1 + 𝑟2𝑆𝑡
2 +⋯+ 𝑟17𝑆𝑡
17) 
      = 𝑋𝑡𝑆𝑡
∗ 
⟹ 𝑆𝑡
∗ = ∑ 𝑟𝑞𝑆𝑡
𝑞17
𝑞=1                      
Next, the MR Model is applied to the Bayan Obo mine in China, the Kvanefjeld mine in 
Greenland, and an IAC mine in China. Both Bayan Obo and Kvanefjeld mines contain mostly 
LREEs but very low quantities of HREEs (mainly cerium and lanthanum), so the average TREO 
prices of these mines trend to the average price of LREEs. The most abundant REE in the Bayan 
Obo mine is cerium, which makes up 50 % of the total REE content, followed by lanthanum 
(27 %) and neodymium (15 %). In contrast, the IAC deposit contains more HREEs. The 
distribution of individual REEs is shown in Table 45.  
Table 45: REO contents in Bayan Obo, Kvanefjeld and an IAC deposit in South China (%) 
Individual REO Bayan Obo Kvanefjeld IAC 
La2O3 27.00 25.18 8.45 
Ce2O2 50.00 44.63 1.09 
Pr6O11 5.00 4.31 1.88 
Nd2O3 15.00 13.34 7.36 
Sm2O3 1.10  2.55 
Eu2O3 0.20 0.13 0.20 
LREEs 98.30 87.59 21.53 
Gd2O3 0.40  6.75 
Tb4O7 - 0.17 1.36 
Dy2O3 - 0.47 8.60 
Ho2O3 -  1.40 
Er2O3 1.00  4.22 
Tm2O3 -  1.16 
Yb2O3 -  4.10 
Lu2O3 -  0.69 
Y2O3 0.30 7.67 49.88 
HREEs 1.70  78.46 
Total 100.00  100.00 
Source: Sastri el. 2003, Feasibility study Kvanefjeld, 2015; Chi and Tian, 2008 
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Using equation 5.32, the TREO price is calculated by weighting the shares of each REO in 
these three deposits. Figure 72 shows monthly average price paths of LREO and HREO from 
2008 to 201433, and TREO price paths for these three deposits.  
 
Figure 72: Average monthly price paths of LREO, HREO, and price paths of TREO weighted 
with REE distributions in Bayan Obo, the Kvanefjeld deposit and an IAC deposit in China 
Source: Compiled by the author based on the free-on-board (FOB) prices provided by Asian Metal. 
Prices refer to a minimum purity of 99 % and a minimum purity for yttrium oxide of 99.999 % 
Subsequently, the volatility of the TREO price is calculated with the MR model to these three 
deposits by using program R34. The results of the estimation are given in Table 46. 
Table 46: MR model Parameters estimation using R 
REE Deposit 𝝈 𝝈𝒚𝒆𝒂𝒓 
Bayan Obo  0.1231 0.4264 
Kvanefjeld 0.1265 0.4382 
IAC 0.1528 0.5293 
Source: Prepared by the author 
                                                 
33  Due to limited price data, prices of LREOs include only the oxide products of cerium, lanthanum, 
praseodymium, neodymium, and europium. Prices of HREEs include the oxide products of terbium, dysprosium, 
and yttrium. 
34 The code of estimation with R is giving in Appendix 5. 
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The volatility of TREO prices is further used to estimate the upside change and downside 
change of prices in within the framework of the real options model. The estimation of price 
movements will be provided in the case study in chapter 6. 
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Chapter 6 Case study  
In order to demonstrate the use of the process simulation, three case studies on the Bayan Obo 
mine, the Kvanefjeld deposit and a recycling project are presented in this chapter. Applying the 
real option model to the above REE projects, two-step estimations are conducted (see chapter 
5.2):  
 Estimation of the probability of success considering the risk factors and expected 
production volume with Monte Carlo simulation 
 Estimation of the value of an investment option using a multi-dimensional real option 
model 
6.1. Bayan Obo mine 
As already introduced in chapter 3.4.1, Bayan Obo is the largest REE mine in the world and the 
primary global source of LREEs. The ore from the open pits is mined and crushed on site at 
Bayan Obo. The ore is then transported by train to the Baotou Iron and Steel Plant (BTISP) in 
Bautou for further processing into concentrates and REO products with high purity.  
6.1.1  Parameter estimation 
Estimation of the probability of success considering overall risk and time risk 
Political risk: According to the sub-index “political stability and absence of violence” of the 
World Bank’s World Governance Indicators (WGI), China is assigned to the category of an 
unstable country, with a score of –0.5535. The Chinese government intervenes strongly into 
China’s rare earth industry to promote its national resources strategy. However, BTISP is a state-
owned company and one of the most dominant companies in the rare earth industry. Despite 
various consolidation and restructuring policies implemented by the Chinese government, the 
leading position of BTISP in China’s rare earth industry remains unchanged36. For the purposes 
of this thesis, it is assumed that there will be few consequences for BTISP in short- to middle-
                                                 
35 World Bank (2014): Sources used for indicating political stability and the absence of violence and terrorism in 
China are: Cingranelli Richards Human Rights Database & Political Terror Scale; Economist Intelligence Unit; 
Global Insight Business Conditions and Risk Indicators; iJET Country Security Risk Ratings; Institute for 
Management and Development World Competitiveness Yearbook; Institutional Profiles Database; Political Risk 
Services International Country Risk Guide; World Economic Forum Global Competitiveness Report; World 
Justice Project. 
36 According to the announcement of the Ministry of Industry and Information Technology of China (MIIN, 2015), 
all rare earth enterprises engaged in rare earth mining, processing and separating, utilization and recycling will be 
integrated into six rare earth groups: BTISP, China Minmetals, Chinaclo, Guangdong Rare Earth Corp, Ganzhou 
Rare Earth Group, and Xiamen Tungsten as of 2015 (see chapter 3.5). 
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term with respect to political risk. The probability of success related to political risk is therefore 
assumed to be low, and to vary in the range of [60 % – 80 %]. 
Environmental risk: As already presented in chapter 3.3 and chapter 3.4.1, there are many 
environmental concerns in the Bayan Obo mine and processing plant and their surroundings. 
Despite various environmental regulations established to strengthen the Chinese rare earth 
industry, a strict environmental control system that would ensure the regulations are efficiently 
implemented is still not in place. According to the Environmental Performance Index (EPI) of 
Yale University and Columbia University, the EPI score of China has correspondingly been 
estimated at 42, which is relatively low, and so the probability of success related to 
environmental risk 𝑝𝑒 ranges between 30 – 49.9 % (see chapter 5.2.2). 
Social risk: Inner Mongolia is one of China’s autonomous regions and had a population of 24 
million in the 2010 census. The relations between local ethnic groups and the Han nationality 
can lead to instability and conflict. However, civil unrest in Inner Mongolia is not a serious 
problem, since there is a proportion of only 17 % of Mongols in the total population. The effect 
of civil unrest of ethnic origin on REE production in Baotou is limited. Negative environmental 
impacts, however, could be a potential source of social conflict. If the environmental situation 
can’t be improved in Bayan Obo, movements against REE production can be expected. The 
probability of success related to social risk is assumed to be high, and to range between [70 % 
– 95 %]. 
Table 47: Assumption for estimation of the probability of success with respect to the overall risk 
factors of the Bayan Obo mine for Monte Carlo simulation 
Overall risk factors Risk level Distribution 
type 
Minimum Maximum 
Political risk low Uniform 60 % 80 % 
Environmental risk high Uniform 30 % 49.9 % 
Social risk  high Uniform 70 % 95 % 
Source: Prepared by the author 
Table 47 summarizes the range assumption of the probability of success related to the overall 
risk factors of the Bayan Obo mine. Subsequently, the overall risk is estimated by an MC 
simulation using equation 5.11. The probability distribution was established with 5,000 random 
values. The mean of the distribution represents the probability of success with respect to overall 
risk, and is estimated as follows: 
 𝑝𝑜 = 𝑝𝑝 ∙  𝑝𝑒 ∙ 𝑝𝑠 = 0.23. 
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Estimation of time risk 
Since the Bayan Obo mine has been operating for over 50 years, the mine development period 
is zero: 𝑝𝑡 = 0. 
Estimation of expected production volume  
As the biggest REE producer in the world, the BTISP has an annual REE concentrate production 
capacity of more than 200,000 tonnes, and an annual production capacity of refined REO of 
more than 60,000 tonnes. However, with the annual production quota set by the Chinese 
government for each REE producer, BTISP’s production volume of REE ore cannot exceed a 
certain level, which is calculated to be around 40,000 tonnes37 when considering the mining 
recovery rate. 
BTISP owns internationally advanced rare earth processing and separation technologies, which 
can produce REO products of all grades and specifications. The range of beneficiation, 
decomposition and the separating recovery rate is then assigned to the best case category in 
Table 42 in chapter 5.2.4.2. The range of each recovery rate is given in Table 48, providing an 
estimation of the expected REO output in Bayan Obo using the MC simulation.  
Table 48: Monte Carlo distribution assumption for estimation of the REE output volume of Bayan 
Obo 
Recovery rate 
type 
Description Distribution 
type 
Minimum Most likely Maximum 
Beneficiation 
recovery rate  
𝑅𝑏 Triangular 65 % 85 % 92 % 
Decomposition 
recovery rate  
𝑅𝑑 Triangular 90 % 92 % 94 % 
Separation 
recovery rate  
𝑅𝑠 Triangular 95 % 96 % 98 % 
Source: Prepared by the author 
Assuming that recovery rates and annual production volumes remain the same for the entire 
time period 2014 to 2021, the expected annual REO output volume is obtained by: 
𝐸(𝑋𝑡) = 40,000 ∙ 𝑅
𝑏 ∙ 𝑅𝑑 ∙ 𝑅𝑠 = 28,596.8 tonnes. 
                                                 
37 The average production quota for REE ore from 2009 to 2014 is 97,316.67 tonnes (REO), and the REO 
production in Baotou is around 40 % of China’s total volume. A production volume of REO ore of 40,000 tonnes 
is assumed in this thesis. 
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Estimation of costs 
Development costs: The Bayan Obo mine has been in operation for over 50 years, and REEs 
are a by-product of the Bayan Obo operation – the main product is iron ore. Assuming that there 
are also no additional capital costs for the development of the mine and processing plant, the 
capital costs are zero: 𝐷𝑡0 = 0. 
Operating costs: Due to the lack of data regarding the operating costs of REE production in 
Bayan Obo, the operating costs for Nd2O3 (99 %) production in Baotou provided by Su, (2009) 
is used for the estimation. According to Su, (2009), the operating costs for Nd2O3 (99 %) 
production are divided into operating costs for REE carbonate production and operating costs 
for the processing and separation of Nd2O3 (99 %). Operating costs for REE carbonate 
production are estimated at 3,195 Yuan/tonne. Operating costs for processing and separation of 
Nd2O3 (99 %) are given in Table 49. Raw material costs for fuel and reagents have the highest 
share, accounting for around 70 % of the total operating costs. The average operating costs for 
Nd2O3 (99 %) processing from 2000 to 2004 are estimated at 38,811 Yuan/tonne. The 
proportion of Nd2O3 in Bayan Obo ore is 15 %. Assuming that the operating costs for production 
of all individual REEs are the same as of Nd2O3, the total operating costs for all individual 
REEs are then: 𝑂𝐶𝑡 = 33, 811 Yuan/tonne. 
Table 49: Operating costs of Nd2O3 (99%) of REE production in Baotou from 2000 to 2004 
Operating Costs 2000 2001 2002 2003 2004 
Raw materials 29,252 38,905 22,212 21,974 25,199 
Labour costs 1,806 2,361 1,297 1,392 1,949 
Costs for power 722 895 751 779 913 
Factory overheads 4,334 5,764 2,776 3,064 2,893 
Sum of production costs 36,114 47,925 27,036 27,209 30,954 
Overhead costs 746 2,133 755 1,312 1,525 
Management costs 2,981 6,532 1,111 1,713 1,399 
Financial expenses  679 773 1,964 570 624 
Total operating costs 40,520 57,363 30,866 30,804 34,502 
Share of raw material costs 
in total operating costs 
72.2 % 67.8 % 72.0 % 71.3 % 73.0 % 
Source: Su, 2009 
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The operating costs are assumed to be affected by an inflation rate of 2 % for the entire time 
period from 2004 to 2024. The real operating costs in the year t+1 are then calculated as:  
   𝑂𝐶𝑡+1
𝑟 = 𝑂𝐶𝑡
𝑟(1 + 𝑟𝑖)                                    (5.28) 
where  
𝑂𝐶𝑡
𝑟  Real operating costs at time t with consideration of the inflation rate; 
𝑟𝑖  Annual inflation rate during the period from 2021 to 2014.  
The operating costs in 2014 are then obtained as: 𝑂𝐶2014
𝑟 = 𝑂𝐶𝑡
𝑟(1 + 𝑟𝑖)
10 = 47,310.39 Yuan. 
Estimation of future REE prices 
As already estimated in chapter 5.2.6, the standard deviation of the monthly TREO price in 
Bayan Obo is obtained as: 𝜎 = 0.1231. The TREO price is calculated by weighting the shares 
of each REO in the Bayan Obo deposit. The volatility of the yearly price is then: 
𝜎𝑦𝑒𝑎𝑟 = 𝜎 ⋅ √12 = 0.1231 ⋅ √12 = 0.4264 
The upside and downside changes for the TREO prices have been estimated at 1.53 and 0.65, 
respectively, according to equations 5.21 and 5.22 in chapter 5.2.6:   
𝑢 = 𝑒𝜎𝑦𝑒𝑎𝑟√∆𝑡 = 𝑒0.43√1 = 1.53 
𝑑 = 𝑒−𝜎𝑦𝑒𝑎𝑟√∆𝑡 =
1
𝑢
=
1
1.53
= 0.65 
For 2014, the price of TREO was estimated to be equal to 96,364.38 Yuan/tonne (equal to 
16,229.06 $/tonne)38. The binomial tree of the TREO price for the consecutive eight years up 
to 2021 yields the results shown in Table 50. The upside price in 2015 is calculated by 
multiplying the TREO price in 2014 and the upside change factor (96,346.38 × 1.53 = 
147,626.48), and the downside price in 2015 is equal to the TREO price in 2014 multiplied by 
the downside change factor (96,346.38 × 0.65 = 62,902.62). The range of TREO prices from 
2014 to 2021 is obtained by means of a similar approach. 
 
 
 
                                                 
38  The exchange rate of US$ to Chinese Yuan in January 2014 was 6.061 US$/RMB. Source: 
http://www.finanzen.net/devisen 
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Table 50: Binomial tree of the TREO price from 2014 to 2021 weighted by the content of REO in 
Bayan Obo (Yuan / tonne) 
2014 2015 2016 2017 2018 2019 2020 2021 
S uS uuS uuuS uuuuS uuuuuS uuuuuuS uuuuuuuS 
96364. 38 147626.48 226158.02 346465.29 530771.35 813121.07 1245669.87 1908317.79  
62902.62 96364.38 147626.48 226158.02 346465.29 530771.35 813121.07  
dS 41060.20 62902.62 96364.38 147626.48 226158.02 346465.29   
ddS 26802.38 41060.20 62902.62 96364.38 147626.48    
dddS 17495.47 26802.38 41060.20 62902.62     
ddddS 11420.31 17495.47 26802.38      
ddddddS 7454.70 11420.31       
dddddddS 4866.11 
       dddddddS 
Source: Prepared by the author 
6.1.2  Estimation of the real option value 
Considering 2014 as the initial year of the estimation of the real option value for the entire time 
period to 2021, the expected cash-flow is calculated with the formula: 𝐶𝐹𝑡 = 𝐸[𝑋𝑡(𝑆𝑡
∗ −
𝑂𝐶𝑡+1
𝑟 )]. For example, the upside cash-flow in 2015 is calculated as follows: 
𝐶𝐹2015
𝑢 = 𝑋2015(𝑆2015
∗ − 𝑂𝐶2015
𝑟 ) 
= 28,596.8 ∙ (147,626.48 − 42,229.18 ∙ 1.02) ∙ 10−6 
= 2,728.06 million Yuan 
The binomial tree of cash-flows is then obtained as shown in Table 51.  
Table 51: Binomial tree of the cash-flow of the Bayan Obo mine from 2014 to 2021 (million Yuan/ 
tonne) 
2014 2015 2016 2017 2018 2019 2020 2021 
1291.41 2728.06 4943.94 8353.87 13593.36 21635.95 33973.13 52889.76 
 305.23 1232.25 2667.72 4882.39 8291.09 13529.32 21570.64 
  -349.27 244.89 1170.71 2604.94 4818.35 8225.78 
   -787.47 -410.82 182.11 1106.67 2539.62 
    -1084.69 -850.24 -474.85 116.79 
     -1290.12 -1148.73 -915.56 
      -1435.86 -1355.44 
       -1542.87 
Source: Prepared by the author 
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It is assumed that the risk-free interest rate is 3 % and ∆𝑡 = 1. The risk-neutral probability of 
an increase is obtained by: 
𝑝 =
(1 + 𝑟𝑓∆𝑡) − 𝑑
𝑢 − 𝑑
=
(1 + 3%) − 0.65
1.53 − 0.65
= 0.429 
The risk-neutral probability of a failure is then (1 − 𝑝) = 0.571.  
Using equation 5.3 (chapter 5.1), the value of an REE investment is calculated with an 
integrated rollback method and discounted to the beginning at the decision time point. Within 
the binomial tree, the value of each node is recursively calculated as the sum of the current 
cash-flow and the discounted cash-flow of the next time step 𝑡 + 1. For example, the up-side 
value in 2015 is calculated as follows: 
𝑉2015
𝑢 = 𝐶𝐹2015
𝑢 +
(𝑝 ⋅ 𝑉2016
𝑢𝑢 + (1 − 𝑝) ⋅ 𝑉2016
𝑢𝑑 )
(1 + 𝑟𝑓)
 
Subsequently, the option value of the Bayan Obo REE project is calculated considering success 
probabilities under overall risk (equation 5.5):  
𝐶 = 𝑚𝑎𝑥[𝑝𝑜𝑉𝑡0 − 0 , 0] 
Assuming that the producer has three different investment options during the project lifetime: 
(1) Base case: no option of closing down the mine during the operating time;  
(2) Option to abandon: close down the mine when the cash-flow is negative; 
(3) Option to abandon with closure costs: close down the mine but with closure costs.  
(1) In the first case, the value of the REE production is equal to the discounted cash-flow 
considering future price movements. The rollback calculation starts at the last time point (year 
2021) and the cash-flows are gradually discounted back to 2014. The value of the REE 
investment is found to be equal to 10,721.72 million Yuan (1,768.97 million US$) at time t = 0. 
Table 52 shows the binomial tree of the value of the REE investment from 2014 to 2021. 
Arrows represent the reverse calculation. For example, the upside value in 2015 is calculated 
as follows: 
𝑉2015
𝑢 = [2728.06 +
(0.429 ⋅ 29,882.63 + 0.571 ⋅ 7,612.53)
(1 + 0.03)
] = 19,396.04 million Yuan 
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Table 52: Binomial tree of option values for the base case from 2014 to 2021 of the Bayan Obo 
mine (million Yuan/tonne) 
2014 2015 2016 2017 2018 2019 2020 2021 
10721.72 19396.04 29882.63 41918.76 54465.16 64954.80 67962.27 52889.76 
 2436.22 7612.53 13487.99 19621.29 24920.21 27074.65 21570.64 
  -1876.60 1373.84 4774.56 7861.75 9652.72 8225.78 
   -3787.92 -1551.53 593.26 2229.35 2539.62 
    -4247.04 -2503.80 -933.69 116.79 
     -3823.43 -2281.44 -915.56   
-2855.71 -1355.44        
-1542.87 
Source: Prepared by the author 
The option value of the REE project is then:  
𝐶 = 𝑚𝑎𝑥[(𝑝𝑜𝑉𝑡0) , 0] = 𝑚𝑎𝑥[0.23 × 10,721.72 , 0] = 2,465.99  million Yuan (406.86 
million US$).  
The equivalent real option diagram is shown in Figure 73: 
 
Figure 73: Real option diagram for the Bayan Obo mine (base case) 
Source: Prepared by the author 
(2) In the case that the producer has an option to close down the mine when the price is lower 
than the costs, the expected value of each node in the binomial tree is the maximum value of 
the discounted cash-flow, or zero:  
𝑉𝑡
𝑗 = 𝑚𝑎𝑥[𝐸𝑋𝑡(𝑆𝑡
∗ − 𝑂𝐶𝑡) , 0] 
where 𝑉𝑡
𝑗 is the value investment of the price movement 𝑗 at time 𝑡. 
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The option value of REO production at each node in the binomial tree is shown in Table 53: 
Table 53: Binomial tree of option values for case 2 from 2014 to 2021 of the Bayan Obo mine 
(million Yuan/tonne) 
2014 2015 2016 2017 2018 2019 2020 2021 
11799.87 19779.27 29970.77 41918.76 54465.16 64954.80 67962.27 52889.76 
 4093.29 8237.67 13647.00 19621.29 24920.21 27074.65 21570.64 
  643.07 2382.13 5061.43 7861.75 9652.72 8225.78 
   0.00 51.92 1110.80 2229.35 2539.62 
    0.00 0.00 0.00 116.79 
     0.00 0.00 0.00 
      0.00 0.00 
       0.00 
Source: Prepared by the author 
The value of the production is calculated to be 11,799.87 million Yuan (1,946.85 million US$), 
which is higher than the option value in the base case. 
The option value of REE production in the Bayan Obo mine is then obtained by:  
𝐶 = 𝑚𝑎𝑥[0.23 × 11,799.87 , 0] = 2,713.97 Mio Yuan (447.78 Mio US$). 
The equivalent real option diagram is shown in Figure 74: 
 
Figure 74: Real option diagram for the Bayan Obo mine with the option of closing the mine 
Source: Prepared by the author 
(3) In the case that the producer has an option to close the mine, and the closing cost is 𝐾, the 
expected value of each node is the maximum value of the price minus the costs or closing costs: 
𝑉𝑡
𝑗 = 𝑚𝑎𝑥[𝐸(𝑆𝑡
∗ − 𝑂𝐶𝑡) , − 𝐾] 
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If it is assumed that the closing costs for the Bayan Obo mine are equal to 60.61 million Yuan, 
then the option value of REO production at each node in the binomial tree is shown in Table 
54: 
Table 54: Binomial tree of option values for case 3 from 2014 to 2021 of the Bayan Obo mine with 
closing costs (million Yuan/tonne) 
2014 2015 2016 2017 2018 2019 2020 2021 
11773.46 19764.01 29965.05 41918.76 54465.16 64954.80 67962.27 52889.76 
 4057.11 8214.45 13636.68 19621.29 24920.21 27074.65 21570.64 
  595.25 2347.99 5042.81 7861.75 9652.72 8225.78 
   -60.61 4.32 1077.20 2229.35 2539.62 
    -60.61 -60.61 -60.61 116.79 
     -60.61 -60.61 -60.61 
      -60.61 -60.61 
       -60.61 
Source: Prepared by the author 
The value of the investment is 11,773.46 million Yuan (1,942.49 million US$). The option value 
of the REE project is then:  
𝐶 = 𝑚𝑎𝑥[(𝑝𝑜𝑉𝑡0) , 0] = 𝑚𝑎𝑥[0.23 × 11,773.46 , 0] = 2,707.90  million Yuan (446.77 
million US$), which is 6.07 Mio Yuan lower than the option value without closing costs.  
The equivalent real option diagram is shown in Figure 75: 
 
Figure 75: Real option diagram of the Bayan Obo mine with the option of closing the mine with 
closure costs 
Source: Prepared by the author 
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Next, it can be assumed that the producer has to pay 1,500 million Yuan for environmental 
damage if an environmental failure occurs. The option value is then calculated as:  
𝐶 = 𝑚𝑎𝑥[(𝑝𝑜𝑉𝑡0 + (1 − 𝑝𝑜)𝑄), 0]                                                         (5. 29) 
where 𝑄 stands for the cost of the environmental damage.  
The producer has a 23 % chance of realising the production value 𝑉𝑡0. However, there is an 
80 % chance of having 1,500 Mio Yuan costs for the environmental damage. The real option 
value of the first option is obtained as:  
𝐶 = 𝑚𝑎𝑥[(0.23 ⋅ 10,721.72 + 0.77 ⋅ 1,500) , 0] = 1,558.79 million Yuan. 
This value is 1,155 Mio Yuan lower than the original real option value. 
In order to avoid environmental damage, the producer intends to invest in an environmental 
protection plan (EPP). This would incur 1,500 million Yuan in investment costs and an increase 
in annual operating costs of 6,000 Yuan/tonne, i.e. the operation cost would have been 
57,205.08 Yuan/tonne in 2014. As a result, the probability of success in terms of environmental 
risk will increase. It can be assumed that the probability of success under overall risk is then 
60%. The value of the base option with and without EPP is shown in Figure 76. 
The production value with EPP 𝑉𝑡0
with has been calculated at 9,481.14 million Yuan, which is 
lower than the production value without the EPP 𝑉𝑡0
without (10,721.72 million Yuan). However, 
the option value with the EPP 𝐶𝑤𝑖𝑡ℎ has been calculated at 5,538.65 million Yuan, which is 
3,942.46 million Yuan higher than the option value without the EPP 𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡.  
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Figure 76: Real option diagrams with and without an environmental protection plan (EPP) in case 
1, in which the producer has no option to close the mine 
Source: Prepared by the author 
 
Calculating using the same methodology as for other two options, each production value and 
option value with and without an EPP are presented in Table 55. It is clear that all three options 
with EPP yield lower production values due to higher operating costs. However, all three 
options with the EPP have higher option values. Therefore, the producer will benefit from the 
investment in the EPP despite the lower production value. 
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Table 55: Comparison of REE investment values and option values with and without the 
environmental protection plan (EPP)   
 
Option 1 Option 2 Option 3 
Without environmental protection plan    
Production value without EPP: 𝑉𝑡0
without (million Yuan) 10,721.72 11,799.87 11,773.46 
Option value without EPP 𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡 (million Yuan) 1,310.99 1,558.97 1,552.90 
With environmental protection plan    
Production value with EPP: 𝑉𝑡0
with  (million Yuan)  9,481.14 10,859.14 10,854.32 
Option value with EPP 𝐶𝑤𝑖𝑡ℎ (million Yuan) 4,938.68 5,765.48 5,762.59 
Comparison of investment values and option values 
with and without environmental protection plan   
   
𝑉𝑡0
with − 𝑉𝑡0
without -1,240.58 -940.73 -919.14 
𝐶𝑤𝑖𝑡ℎ − 𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡 3,627.69 4,206.51 4,209.69 
Source: Prepared by the author 
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6.2. Kvanefjeld project in Greenland  
The Kvanefjeld project is the largest REE deposit in Europe, located in South Greenland 
approximately 10 km from Narsaq and approximately 35 km from Narsarsuaq (Figure 77).  
 
Figure 77: Location of the Kvanefjeld project  
Source: GMEL, 2012  
As introduced in chapter 2.3.1.2, the Kvanefjeld deposit belongs to the Ilimaussaq igneous 
complex, which is one of the most important deposits of alkaline-associated REE deposit type. 
The primary mineral hosting the REEs is steenstrupine associated with lujavrite rocks. The 
deposit also contains uranium and thorium, as well as zinc and fluorine.  
Exploration of Kvanefjeld has a long history. In the 1950s, Danish geologists explored this area 
for studying the viability of uranium extraction. Since then, several exploratory drilling 
programs have been undertaken by the Danish Atomic Energy Commission. Exploration was 
stopped in 1982 due to the low market prices for uranium and because of the movement toward 
the 1985 zero-tolerance uranium policy of the Danish Government. This policy was, however, 
reviewed in 2013. In 2007, the Australian company Greenland Minerals and Energy Limited 
(GMEL) – in partnership with Westrip Holdings Limited (WHL) – acquired an exploration 
license for the Kvanefjeld deposit. In 2011, GMEL bought out WHL, obtaining 100 % 
ownership. The Kvanefjeld project includes the development of an open pit mine, a processing 
plant, and other associated construction and infrastructure such as a port, mine accommodation, 
tailings facilities and roads connecting the parts of the project.  
6.2.1  Parameter estimation 
The first step in the application of the real option model is to estimate the probability of success 
under overall risk and time risk, the expected production volume, as well as the expected costs. 
Estimation of the overall risk: The overall risk consists of the political risk, the environmental 
risk, and the social risk (see chapter 5.2.2).  
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Political risk: Greenland is a self-governing country under the Danish Kingdom. The sub-index 
“political stability and absence of violence” of the World Bank’s World Governance Indicators 
(WGI) is used for estimating the political stability and describes Greenland as a very stable 
country. The probability of success related to the political risk is assumed to vary in the range 
of 80 % to100 %. 
Environmental risk: Possible environmental risks associated with the Kvanefjeld deposit 
include waste discharges to water from the open pit, from the residue storage facilities 
(especially the radioactive residue), and from the processing plant. General waste management 
during mine operations, during decommissioning and after closure are of particular concern. 
Other potential threats include the impact of the large-scale pumping of groundwater, acid mine 
drainage, the introduction of contaminants into the food chain, noise, atmospheric emissions of 
greenhouses gases, emissions of dust and radiation, and impacts on biodiversity, especially on 
rare and threatened species. The likelihood of the occurrence of environmental risks is high if 
the environmental performance of the local country is low. The environmental performance is 
estimated using the Environmental Performance Index (EPI) of Yale University and Columbia 
University. The environmental performance of Greenland is not presented in the EPI: However, 
Greenland is a member of the Nordic Council and the Nordic Council of Ministries39. Hence, 
the EPI of Denmark (76.92) will be used. The environmental performance is therefore assumed 
to be relatively high, and the probability of success related to the environmental risk 𝑝𝑒 ranges 
between [80 % – 90 %].  
Social risk: Greenland has extreme climatic and geographical conditions. The population 
density is very low and the economy depends mainly on fishery and the public sector. Once 
operational, the Kvanefjeld mine would be the largest project of its kind in Greenland. The mine 
would directly employ workers from other countries, due to the limited number of workers in 
Greenland (Gray, 2016). Power, port systems, and living facilities would be constructed by 
foreign companies. The impact of the mine on issues like land use, health care, and traditional 
living conditions present a specific challenge for the social situation of Greenland. On the 1st 
August 2014, about 100 people participated in a demonstration against uranium mining in 
Greenland. Despite the protest, there has been no evident impact on the development of the 
Kvanefjeld mine. The probability of success related to social risk is then assumed to vary from 
70 % to 90 %. 
                                                 
39 The Nordic Council has prepared an Environmental Action Plan, 2009-2012 which focuses on climate change, 
the use and discharge of hazardous chemicals, the protection of marine ecosystems and the protection and 
utilisation of biological diversity. This membership, together with that of other Nordic Countries and autonomous 
regions, facilitates parliamentary cooperation among the members – and particularly in relation to nature and 
environmental issues.  
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Table 56: Assumption for estimation of the probability of success related to overall risk factors of 
the Kvanefjeld project for Monte Carlo simulation 
Overall risk 
factors 
Risk level Distribution 
type 
Minimum Maximum 
Political risk low Uniform 80 % 100 % 
Environmental 
risk 
low Uniform 80 % 90 % 
Social risk  low Uniform 70 % 95 % 
Source: Prepared by the author 
Table 56 summarises the range assumption for the probability of success related to overall risk 
factors of the Kvanefjeld operation. The overall risk is estimated by a MC simulation with 5,000 
random values. The mean of the distribution represents the probability of success related to 
overall risk, and is estimated by:  
𝑝𝑜 = 𝑝𝑝 ∙  𝑝𝑒 ∙ 𝑝𝑠 = 0.67. 
Estimation of time risk: In early 2011, social and environmental impact assessment studies 
were conducted by independently contracted companies. Greenland’s Bureau of Minerals and 
Petroleum, along with the Danish National Environmental Research Institute, reviewed these 
assessments. In May 2012, GMEL released a prefeasibility study according to JORC. In 
February 2015, the company announced the completion of a feasibility study. In co-operation 
with NFC, GMEL prepared the exploitation license application and a bankable feasibility study.  
Exploration duration: Since GMEL has released its feasibility study, it can be stated that the 
exploration stage of the Kvanefjeld project is completed. 
Permitting duration: The permitting process is influenced by the transparency of mineral rights 
allocation and the efficiency of government. The sub-indices “political stability and absence of 
violence”, “control of corruption” and “government efficiency” of the World Bank’s World 
Governance Indicators (WGI) are used for estimating the corruption level and efficiency of 
government. According to the WGI, Greenland is ranked as a country with low corruption risk 
and high efficiency. However, due to the high environmental performance of Greenland, the 
permitting duration for environmental permits can take a long time. For the MC simulation, the 
permitting duration is assumed to vary in the range: [min: 4 year, ml: 5 years, max: 6 years]. 
Construction duration: The geographic location of the Kvanefjeld mine is accessible from 
global shipping routes. An international airport is located approximately 20 miles north of 
Kvanefjeld in Narsarsuaq (Feasibility study of Kvanefjeld, 2015). However, there is no railway 
system in the mine area. The main transport modes are shipping and air, with no other 
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infrastructure available. The infrastructural access for power and water supply still needs to be 
built40.  
The construction of a processing plant will be carried out. However, the extraction of REEs 
from the mineral steenstrupine is still in the development stage. Establishing an industrial 
process for extraction can be technically challenging, and it is assumed that the duration of 
construction and infrastructure development will vary in the range [min: 4 years, ml: 5 years, 
max: 6 years]. 
Table 57: Assumption for estimation of development duration of the Kvanefjeld operation for 
Monte Carlo simulation 
Development 
stage 
Risk level Distribution 
type 
Minimum 
(years) 
Most likely 
(years) 
Maximum 
(years) 
Exploration  completed Triangular - - -  
Permitting moderate Triangular 4 5 6 
Construction & 
infrastructure  
high Triangular 4 6 8 
Source: Prepared by the author 
Using MC simulation to estimate the total duration of the project development, which is 
calculated as the sum of permitting duration and the duration of construction & infrastructure 
development, a mean value for the total duration of 9 years is obtained (after 5,000 iterations). 
Assuming that a duration of 10 years cannot be exceeded, the probability of success related to 
time risk is estimated as follows (see equation (5.12) in chapter 5.2.3):  
𝑝𝑡 = 𝑝(∑𝑙
𝑖
3
𝑖=1
< 10) = 90% 
Estimation of the expected REE resource: On February 12, 2015, GMEL announced an 
updated JORC-guided mineral-resource estimate for the Kvanefjeld project with the following 
outcomes: 1.73 Mt measured resources (143 Mt * 1.21 %), 3.42 Mt indicated resources (308 
Mt * 1.11 %), and 2.2 Mt inferred resources (222 Mt * 1.00 %).  
                                                 
40 Executive Summary of Feasibility study of Kvanefjeld (2015): To facilitate full-scale production, GMEL is 
planning to construct housing for employees, a hydroelectric facility 37 miles north in Johan Dahl Land above 
Narsarsuaq, a deep-water port on Tunulliarfik fjord in the small settlement of Ipitaq, and a road system extending 
from the mine site to Narsaq and Ipiutaq.  
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As explained in chapter 5.2.4, the expected REE reserves can be estimated using equation (5.13) 
based on the data given in Table 58:   
Table 58: Monte Carlo distribution assumption for estimation of the resource volume of the 
Kvanefjeld deposit 
Resource/reserve 
classification 
Estimated resources 
volume in feasibility 
study 
Distribution 
type 
Minimum Maximum 
Measured 
resource 
143 Mt * 1.21 % Uniform 80 % 90 % 
Indicated 
resource 
308 Mt * 1.11 % Uniform 50 % 79 % 
Inferred resource 222 Mt * 1.00 % Uniform 10 % 49 % 
Source: Prepared by the author 
The expected REEs reserve volume  𝐸(𝑌)  of Kvanefjeld is then estimated using MC 
simulation with the equation: 
𝐸(𝑌) = 𝑌𝑚 ∙ 𝑝𝐺
𝑚 + 𝑌𝑖𝑑 ∙ 𝑝𝐺
𝑖𝑑 + 𝑌𝑖𝑓 ∙ 𝑝𝐺
𝑖𝑓 
= 1.73 ∙ 𝑝𝐺
𝑚 + 3.42 ∙ 𝑝𝐺
𝑖𝑑 + 2.2 ∙ 𝑝𝐺
𝑖𝑓 
The outcome is 3.98 Mt. According to GMEL’s feasibility study from 2015, the expected 
lifetime of the Kvanefjeld mine is 37 years. The annual ore production is then:  
𝐸(𝑌𝑡) =
𝐸(𝑌)
𝑇⁄ =
4.33
37⁄ = 0.117 Mt 
Estimation of the expected REO output: Subsequently, using equation (5.14), the expected 
output volume of REO in Kvanefjeld is calculated by the multiplication of the expected reserve 
and recovery rates in the mining, beneficiation, decomposition and separating processes.  
Mining recovery rate 𝑅𝑚 : According to GMEL’s feasibility study, the higher-grade REE-
bearing minerals occur in the upper parts of the deposit. The grade decreases below a depth of 
200 m from the earth’s surface. The ore will be mined in on open pit with standard drill and 
blast and truck and shovel operation. Assuming that a high mining recovery rate can be achieved, 
the range of the mining recovery rate is then set as [𝑅𝑚𝑖𝑛
𝑚 = 94 %, 𝑅𝑚𝑙
𝑚 = 95 %, 𝑅𝑚𝑎𝑥
𝑚 =
98 %]. 
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Beneficiation and decomposition recovery rates 𝑅𝑏 , 𝑅𝑑 : The major rock minerals are 
arfvedsonite (31.68 Wt %), naujakasite (11.46 Wt %), albite (11.27 Wt %) and orthoclase (9.51 
Wt %). The main REE-containing mineral is steenstrupine (5.58 Wt %). The other minor REE 
minerals are monazite and vitusite. The main commodities in the Kvanefjeld ore-body are REEs, 
uranium and zinc.  
In October 2015, GMEL completed a refinery pilot plant operation in Finland. According to the 
feasibility study, the pilot plant will allow a beneficiation recovery rate of 79 % and a 
decomposition recovery rate of 70 %. However, the processing technology is still in the testing 
stage, and is not yet available at industrial scale. The risk that the final recovery rate will be 
lower than the above referred expected value is very high. The range of beneficiation recovery 
is then set as: [𝑅𝑚𝑖𝑛
𝑏 = 30 %, 𝑅𝑚𝑙
𝑏 = 79 %, 𝑅𝑚𝑎𝑥
𝑏 = 85 %] and the range of decomposition 
recovery is set as: [𝑅𝑚𝑖𝑛
𝑑 = 20 %, 𝑅𝑚𝑙
𝑑 = 70 %, 𝑅𝑚𝑎𝑥
𝑑 = 75 %].  
Separation recovery rate 𝑅𝑠: In March 2014, GMEL signed a memorandum of understanding 
(MoU) with the China Non-Ferrous Metal Industry's Foreign Engineering and Construction Co. 
Ltd. (NFC) about the Kvanefjeld project. The separation of the REE concentrate from 
Kvanefjeld will be carried out in co-operation with NFC, which owns the advanced technology 
to separate the REE concentrate into high-purity individual REEs and has capacity to process 
7,000 t/y REO. In this thesis, it is assumed that the separation can reach a high recovery rate 
and the range of separating recovery rate is set as: [𝑅𝑚𝑖𝑛
𝑠 = 95 %, 𝑅𝑚𝑙
𝑠 = 96 %, 𝑅𝑚𝑎𝑥
𝑠 =
98 %]. 
Table 59 presents the setting of each range of recovery rates for an estimation of the expected 
REO output in Kvanefjeld using MC simulation. An annual REO output of 0.038 Mt is obtained 
by:  
𝐸(𝑋𝑡) = 𝐸(𝑌𝑡) ⋅ 𝑅
𝑚 ⋅ 𝑅𝑏 ⋅ 𝑅𝑑 ⋅ 𝑅𝑠 
 = 0.038 Mt 
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Table 59: Monte Carlo distribution assumption for estimation of REE output volume of the 
Kvanefjeld mine 
Recovery rate 
type 
Description Distribution 
type 
Minimum Most 
likely 
Maximum 
Mining recovery 
rate 
𝑅𝑚 Triangular 94 % 95 % 98 % 
Beneficiation 
recovery rate 
𝑅𝑏 Triangular 30 % 79 % 85 % 
Decomposition 
recovery rate 
𝑅𝑑 Triangular 20 % 70 % 75 % 
Separating 
recovery rate 
𝑅𝑠 Triangular 95 % 96 % 98 % 
Source: Prepared by the author 
Estimation of costs: GMEL announced initial development costs of 1.36 billion US$ for 
uranium and REE extraction (GMEL, 2015) including the plant’s direct costs, indirect costs, 
and costs for major infrastructure (Table 60). The biggest share of the costs (59 %) is direct 
plant costs. Major infrastructure accounts for 18 % of the costs.  
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Table 60: Capital costs estimate for the Kvanefjeld mine 
Total capital cost estimate 
 Area US$M 
Direct costs Area 1000 – Mining 32.5 
Area 2000 – Concentrator process plant 225.4 
Area 3000 – Refinery process plant 371.2 
Area 5000 – Regional infrastructure 109.9 
Area 6000 – Major off-site infrastructure 6.6 
First fill reagents and consumables 14.9 
Start-up spares 6.9 
Mobilisation/demobilisation  35.0 
Commissioning assistance 2.4 
Total plant direct costs 804.8 
Indirect costs Temporary construction facilities  21.4 
Engineering, procurement and construction 
management 
132.7 
Contingency (growth allowance) 161.4 
Total plant indirect costs 315.5 
Total plant capital cost 1 120.3 
Major infrastructure Total port costs 111.2 
 Total accommodation village costs 75.7 
 Power plant 53.8 
Total project costs 1 361.1 
Source: GMEL, 2015 
Table 61 presents the total operating costs in the mining and processing operations. The 
operation costs include costs in mining, processing plant, construction and infrastructure, and 
administration costs. The operating costs have been estimated at 10.71 US$/kg. In addition, the 
operating costs for uranium production have been estimated at 10.56 $/lb. 
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Table 61: Operating costs in the Kvanefjeld mine 
Operating costs summary – mine, concentrator and refinery  
 Proportion 
of cost (%) 
Annual cost 
(US$M/a) 
Unit Cost – total 
US$/kg TREO 
Unit cost – net 
US$/kg CREO* 
Mining and haulage 7.5 17.9 0.81 0.65 
Labour 19.0 45.0 2.03 1.63 
Power 13.3 31.7 1.43 1.14 
Reagents 22.9 54.4 2.45 1.96 
Consumables 4.6 10.9 0.49 0.39 
Maintenance materials  12.9 30.5 1.38 1.10 
Freight costs 13.0 30.8 1.39 1.11 
General and administration 6.8 16.1 0.73 0.58 
Total 100 237.3 10.71 8.56 
* CREO: Critical REO 
Source: GMEL, 2015 
Based on the accuracy range setting of the Nelson (2011) (Table 43 and Table 44 in chapter 
5.2.5), the accuracy of cost estimation in a feasibility study is ±15 %. Using equations (5.19) 
and (5.20), the maximum and minimum of initial development costs are obtained by: 
𝐸(𝐷𝑡0
𝑚𝑎𝑥) = 1.36 ∙ (1 + 15 %) = 1.56 billion US$ and 
𝐸(𝐷𝑡0
𝑚𝑖𝑛) = 1.36 ∙ (1 − 15 %) = 1.15 billion US$  
The maximum and minimum of operating costs are obtained by:  
𝐸(𝑂𝐶𝑡
𝑚𝑎𝑥) = 10.71 ∙ (1 + 15 %) = 11.6 𝑈𝑆$/𝑘𝑔 and  
𝐸(𝑂𝐶𝑡
𝑚𝑖𝑛) = 10.71 ∙ (1 − 15 %) = 8.6 𝑈𝑆$/𝑘𝑔.  
The range of development costs and the expected operating costs are presented in Table 62. 
Table 62: Assumption for the estimation for costs of the Kvanefjeld mine with Monte Carlo 
simulation 
Costs type Distribution type Minimum Maximum 
Development costs (billion US$) Uniform 1.15 1.56  
Operating costs (US$/kg) Uniform 8.6 11.6 
Source: Prepared by the author 
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After simulation, the development costs and operating costs are estimated: 𝑂𝐶𝑡 = 10.17 $/kg 
and 𝐷𝑡0 = 1.36 𝑏𝑖𝑙𝑙𝑖𝑜𝑛 𝑈𝑆$. 
Estimation of future REE prices: As already shown in chapter 5.2.6, the volatility of the 
TREO price is calculated using the MR model. Kvanefjeld ore contains mostly light rare earth 
elements (LREEs), with around 9 % heavy rare earth elements (HREEs). The most abundant 
REE in the Kvanefjeld mine is cerium (around 45 % of the total REE content), followed by 
lanthanum (25 %) and neodymium (13.34 %).  
The standard deviation of the monthly TREO price of the Kvanefjeld deposit is determined as: 
𝜎 = 0.1268 . The TREO price is calculated by weighting the shares of each REO in the 
Kvanefjeld deposit. The volatility of the yearly price is then 𝜎𝑦𝑒𝑎𝑟 = 𝜎 ⋅ √12 = 0.1268 ⋅
√12 = 0.4392. The upside and downside changes for TREO prices have been estimated at 1.55 
and 0.64, respectively, according to equations 5.21 and 5.22:   
𝑢 = 𝑒𝜎√∆𝑡 = 1.55 
𝑑 = 𝑒−𝜎√∆𝑡 =
1
𝑢
= 0.64 
For 2014, the price of TREOs was estimated to be equal to 17,383.08 $/tonne. The binomial 
tree of the TREO price for the consecutive eight years up to 2024 yields the results shown in 
Table 63. The upside price in 2015 is calculated by multiplication of the TREO price in 2014 
and the upside change factor (17,383.08 × 1.55 = 26,907.55), and the downside price in 2015 
is equal to the TREO price in 2014 multiplied by the downside change factor (17,383.08 × 0.65 
= 11,203.76). The range of TREO prices from 2014 to 2024 is obtained in a similar approach. 
Table 63: Binomial tree of TREO prices from 2014 to 2024 weighted by the content of REO in 
Kvanefjeld ($/tonne) 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
17383.08 26970.55 41845.90 64925.59 100734.66 156293.86 242496.21 376242.60 583755.50 905720.10 1405261.11  
11203.76 17383.08 26970.55 41845.90 64925.59 100734.66 156293.86 242496.21 376242.60 583755.50   
7221.06 11203.76 17383.08 26970.55 41845.90 64925.59 100734.66 156293.86 242496.21    
4654.12 7221.06 11203.76 17383.08 26970.55 41845.90 64925.59 100734.66     
2999.68 4654.12 7221.06 11203.76 17383.08 26970.55 41845.90      
1933.36 2999.68 4654.12 7221.06 11203.76 17383.08       
1246.09 1933.36 2999.68 4654.12 7221.06        
803.13 1246.09 1933.36 2999.68         
517.63 803.13 1246.09         
 333.63 517.63         
  215.03 
Source: Prepared by the author 
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6.2.2  Estimation of the real option value 
2012 is considered to be the first year of development of the Kvanefjeld project. As estimated 
above, it will take nine years to develop the mine and, hence, the mean value of the development 
stage is 9 years. The start-up of mining and production is then 2021, i.e. no profit is generated 
until 2021. We further assume that GMEL has a mining and production permit until 2024. Then, 
GMEL can decide to invest into the Kvanefjeld project if the risk-related project’s value is 
greater than the initial development costs, i.e. if the option value is greater than zero.  
Analogue to the estimation of the real option value of the Bayan Obo mine, the expected cash-
flow is calculated with the formula: 𝐶𝐹𝑡 = 𝐸[𝑋𝑡(𝑆𝑡
∗ − 𝑂𝐶𝑡)] . It can be assumed that the 
operating costs in the development phase are zero and the estimated operating costs 𝑂𝐶𝑡 =
10.17 $/kg (or 10,170 $/tonne) to be affected by an inflation rate of 2 % for the time period 
from 2021 to 2024. The binomial tree of cash-flows is then obtained as shown in Table 64.  
Table 64: Binomial tree of the cash-flow of REE investment from 2014 – 2024 (million US$) 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 12901.14 20214.32 31561.00 49165.84 
 0.00 0.00 0.00 0.00 0.00 0.00 5149.70 8187.65 12901.14 20214.32 
  0.00 0.00 0.00 0.00 0.00 1929.70 3191.68 5149.70 8187.65 
   0.00 0.00 0.00 0.00 592.09 1116.32 1929.70 3191.68 
    0.00 0.00 0.00 36.43 254.20 592.09 1116.32 
     0.00 0.00 -194.39 -103.93 36.43 254.20 
      0.00 -290.28 -252.70 -194.39 -103.93 
       -330.11 -314.50 -290.28 -252.70 
        -340.17 -330.11 -314.50 
         -346.65 -340.17 
          -350.83 
Source: Prepared by the author 
It can be assumed that the risk-free interest rate is 3 % and ∆𝑡 = 1. The risk-neutral probability 
of an increase is obtained by: 
𝑝 =
(1 + 𝑟𝑓∆𝑡) − 𝑑
𝑢 − 𝑑
=
(1 + 3%) − 0.64
1.55 − 0.64
= 42.5 % 
The risk-neutral probability of a decrease is then (1 − 𝑝) = 57.5 %. The value of the REE 
production 𝑉𝑡0  is calculated with an integrated rollback method, and discounted to the 
beginning, i.e. to the decision time point. Subsequently, the option value of the Kvanefjeld REE 
project is calculated considering probabilities of success under overall risk and time risk: 
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𝐶 = 𝑎𝑥[𝑝𝑜𝑝𝑡𝑉𝑡0 − 𝐷𝑡0 , 0] 
The probability of success under overall risks has been estimated using a simulation method to 
be 67 %, and the probability of success under time risk is estimated to be 90 %. The total success 
probability is then:  
𝑝𝑜 ⋅ 𝑝𝑡 = 0.67 × 0.9 = 0.603. 
The development cost for the production of uranium and REEs is estimated at 1.36 million US$. 
However, the development cost cannot be allocated to uranium and REE production separately. 
Hence, the total real option value of the Kvanefjeld project is then calculated as:  
𝐶 = 𝑚𝑎𝑥[𝑝𝑜𝑝𝑡(𝑉𝑡0
𝑅𝐸𝐸 + 𝑉𝑡0
𝑈) − 𝐷𝑡0 , 0] = 𝑚𝑎𝑥 [𝑝𝑜𝑝𝑡∑
𝐶𝐹𝑡
𝑅𝐸𝐸 + 𝐶𝐹𝑡
𝑈
(1 + 𝑟)𝑡
𝑁
𝑡=0
− 𝐷𝑡0 , 0] 
where 𝑉𝑡0
𝑅𝐸𝐸 and 𝑉𝑡0
𝑈 stand for the values of production of REEs and uranium, respectively, 
and  𝐶𝐹𝑡
𝑅𝐸𝐸  and 𝐶𝐹𝑡
𝑈  represent the cash-flows from REE and uranium production, 
respectively, at time t. Since the analysis of uranium production does not within the scope of 
this paper, the cash-flow of uranium production (𝐶𝐹𝑡
𝑈 = 74.9 million US$) provided in the 
prefeasibility study is used, and it is assumed that this cash-flow remains the same for the entire 
time period from 2021 to 2024, as shown in Table 65.  
Table 65: Cash flows from uranium production from 2014 to 2023  
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
0 0 0 0 0 0 0 74.9 74.9 74.9 74.9 
Source: Prepared by the author 
The value of production of uranium is then calculated by the following equation: 
𝑉𝑡0
𝑈 =∑
𝐶𝐹𝑡
𝑈
(1 + 𝑟)𝑡
=∑
74.9
(1 + 3%)𝑡
= 360.5
10
𝑡=0
𝑁
𝑡=0
 million US$ 
It can be assumed that GMEL considers three different investment options analogue to the 
Bayan Obo mine during the project lifetime:  
(1) In the base case, the value of the REE production is equal to the discounted cash-flow 
considering future price movements. The rollback calculation starts at the last time point (year 
2023) and the cash-flows are gradually discounted back to 2014. Table 66 shows the binomial 
tree of the value of the REE production from 2014 to 2024. The value of the REE production 
is found to be equal to 1,739.86 million US$ at time t = 0.  
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Table 66: Risk-neutral probability distribution of the binomial tree of TREO 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
1417.02 2850.83 5095.00 8597.09 14051.47 22535.55 35720.96 56201.34 66006.45 68689.51 53499.99 
 431.20 1340.85 2772.38 5014.20 8513.86 13965.75 22447.25 26728.33 28061.79 21982.22 
  -218.65 352.75 1260.05 2689.15 4928.47 8425.56 10411.92 11184.75 8889.51 
   -652.38 -299.45 269.52 1174.33 2600.85 3633.96 4173.91 3450.71 
    -947.28 -735.61 -385.17 181.23 818.35 1261.55 1191.39 
     -1153.15 -1033.00 -823.90 -351.27 51.74 252.85 
      -1302.11 -1241.44 -837.14 -450.83 -137.02 
       -1414.89 -1038.98 -659.60 -298.98 
        -1122.82 -746.32 -366.26 
         -782.35 -394.20 
          -405.81 
Source: Prepared by the author 
Considering success probability, the option value of the REE project is then: 
𝐶 = 𝑚𝑎𝑥[0.603 × (1417.02 + 360.50) − 1360 , 0] = 𝑚𝑎𝑥[−288.16 , 0] = 0  
The value of the REE production is found to be equal to –288.16 million US$ at time t = 0, and 
production should therefore either not take place or should be postponed. The equivalent real 
option diagram is shown in Figure 78: 
 
Figure 78: Multi-dimensional binomial lattice for the Kvanefjeld project in the base case 
Source: Prepared by the author 
(2) Option to abandon: In this case the mine is closed down when costs cannot be covered. 
The expected value of each node in the binomial tree is the maximum value of the discounted 
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cash-flow or zero. The value of REE production at each node in the binomial tree is shown in 
Table 67 and is calculated at 1,764.43 million US$, which is higher than the value without the 
option to close the operation. 
Table 67: Real option valuation of cash flow from 2014 to 2024 of the Kvanefjeld project ($/tonne) 
with the option to close the project 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
1764.43 3057.84 5189.56 8624.69 14055.62 22535.55 35720.96 56201.34 66006.45 68689.51 53499.99 
 900.51 1641.78 2921.36 5060.58 8521.29 13965.75 22447.25 26728.33 28061.79 21982.22 
  399.60 781.69 1492.64 2766.74 4941.78 8425.56 10411.92 11184.75 8889.51 
   138.03 297.00 628.81 1303.47 2624.69 3633.96 4173.91 3450.71 
    27.74 67.24 162.96 394.95 861.05 1261.55 1191.39 
     0.00 0.00 0.00 0.00 128.23 252.85 
      0.00 0.00 0.00 0.00 0.00 
       0.00 0.00 0.00 0.00 
        0.00 0.00 0.00 
         0.00 0.00 
          0.00 
Source: Prepared by the author 
The option value of the REE project is then obtained by:  
𝐶 = 𝑚𝑎𝑥[0.603 × (1,764.43 + 360.5) − 1,360.00 , 0] = 𝑚𝑎𝑥[−78.67 , 0] = 0 million US$  
The equivalent real option diagram is shown in Figure 79: 
 
Figure 79: Multi-dimensional binomial lattice for the Kvanefjeld project with the option of closure 
Source: Prepared by the author 
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(3) Option to abandon with closure costs: In this case the mine may be closed but with a 
closure cost of 𝐾. The expected value of each node is the maximum value of the discounted 
cash-flow or closure cost: 
𝑉𝑡
𝑗 = 𝑚𝑎𝑥[𝐸𝑋𝑡(𝑆𝑡
∗ − 𝑂𝐶𝑡) , − 𝐾] 
If it is assumed that the closing costs for the Kvanefjeld mine are equal to 10 million US$, then 
the value of REO production at each node in the binomial tree is shown in Table 68. 
Table 68: Real option valuation of cash flow from 2014 to 2024 of the Kvanefjeld project ($/tonne) 
with the option of closure and the occurrence of closure costs 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
1759.44 3054.05 5187.13 8623.52 14055.31 22535.55 35720.96 56201.34 66006.45 68689.51 53499.99 
 894.36 1636.79 2917.86 5058.71 8520.75 13965.75 22447.25 26728.33 28061.79 21982.22 
  392.28 775.34 1487.75 2763.79 4940.81 8425.56 10411.92 11184.75 8889.51 
   129.63 289.23 622.23 1298.92 2622.95 3633.96 4173.91 3450.71 
    18.43 58.19 154.55 388.08 857.94 1261.55 1191.39 
     -10.00 -10.00 -10.00 -10.00 122.65 252.85 
      -10.00 -10.00 -10.00 -10.00 -10.00 
       -10.00 -10.00 -10.00 -10.00 
        -10.00 -10.00 -10.00 
         -10.00 -10.00 
          -10.00 
Source: Prepared by the author 
The value of the REE production is 1,759.44 million US$. The option value of the REE project 
is then obtained as:  
𝐶 = 𝑚𝑎𝑥[0.603 × (1,759.44 + 360.50) − 1,360 , 0] = 𝑚𝑎𝑥[−81.68 , 0] = 0 million US$.  
The equivalent real option diagram is shown in Figure 80: 
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Figure 80: Multi-dimensional binomial lattice for the Kvanefjeld project with the option of closure 
and closure cost 
Source: Prepared by the author 
 
The result of the calculation for three options shows that, if the mining permit expires in 2024, 
all three options have a negative value. 
Next, it can be assumed that GMEL can extend its mining and production permit until 2027. 
By repeating all calculations for all three options, as described above, all options now yield a 
positive value, as shown in Figure 81. This is understandable, since the extension of the mining 
lifetime allows for more production after a time period of nine years. Option 1 yields a positive 
value by 2026, while options 2 and 3 yield positive values as early as 2025.  
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Figure 81: Real option value of the Kvanefjeld project with three options in the period from 2014 
to 2027 
Source: Prepared by the author 
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6.3. Recycling of REEs from permanent magnets 
The real option model can be also applied for the assessment of REE recovery projects from 
secondary resources. This case study will focus on REE recycling from permanent magnets. 
Assuming that an investor is planning to invest in a REE recycling project to recycle REE stock 
from 2007 to 2020, the real option is estimated as follows. 
6.3.1  Parameter estimation 
In comparison to extraction from primary sources, the recovery from second sources presents 
many advantages (see chapter 3.8):  
(1) The location of the recycling project can be flexibly chosen in a place with low country 
risk, low environmental and social risks, and good infrastructural access. The extraction 
of REEs from a primary source has to take place where the deposit is located.  
(2) The recycling process is free of radioactive components, and the recycling process 
presents significant advantages in terms of energy, water and chemical consumption 
(Tsamis and Coyne, 2015),  
(3) A recycling project requires no special permit for exploration and extraction. The 
dominant risk of the recycling project is the risk related to the REEs volume, which is 
effected by the scrap collection infrastructure and the recycling technology.  
Estimation of overall risk: As mentioned above, the location of the recycling plant can be 
chosen in a country with low country risk and low environmental and social risks. Due to the 
increasing importance of REE recycling from secondary sources, there is a supportive political 
and regulatory context and great social support for the development of recycling. Compared 
with REE production from primary sources, there is much less environmental concern related 
to the REE recycling and, in particular, radioactive elements are not a factor in the production 
chain. The political risk, environmental risk and social risk can be then assigned to the lowest 
risk category, as presented in Table 69:   
Table 69: Assumption for estimating of probability of success related to overall risk factors 
pertaining to a REE recycling project for Monte Carlo simulation 
Overall risk 
factors 
Risk level Distribution 
type 
Minimum Maximum 
Political risk low Uniform 80 % 100 % 
Environmental 
risk 
low Uniform 80 % 100 % 
Social risk  low Uniform 80 % 100 % 
Source: Prepared by the author 
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The probability distribution was established with 5,000 random values. The mean of the 
distribution represents the probability of success related to overall risk, and is estimated as: 
𝑝𝑜 = 0.96.  
Estimation of time risk:  
Permitting duration: A recycling project requires no special permit for exploration and 
extraction. The location of the recycling plant can be chosen in a place with high governmental 
efficiency. A range of [min: 1 years, ml: 2 years, max: 3 years] is assumed for the duration of 
the permitting process.  
Construction duration: Due to the requirements regarding the sustainable use of critical 
minerals, many countries and companies are in the process of developing recycling 
technologies. However, an industrial process for the recycling of REEs is still not yet available, 
though there may be some in the development stage. The recycling rates for all REEs are still 
under 1 % (Reuter et al., 2013). The time risk is only caused by the construction process. It is 
assumed that the duration of the construction and infrastructural development stage will vary 
in the range [min: 4 years, ml: 5 years, max: 6 years]. 
Table 70: Assumption for estimation of the duration of development of a REE recycling project 
for Monte Carlo simulation 
Development 
stage 
Risk level Distribution 
type 
Minimum 
(years) 
Most likely 
(years) 
Maximum 
(years) 
Permitting moderate Triangular 1 2 3 
Construction & 
infrastructure  
high Triangular 4 5 6 
Source: Prepared by the author 
Using an MC simulation to estimate the total duration of the project development stage, which 
is calculated as the sum of the duration of permitting and the duration of construction & 
infrastructure development, a mean value for the total duration of 7 years is obtained (after 
5,000 iterations). Assuming that the duration of 10 years cannot be exceeded, the time risk is 
zero. 
Estimation of expected REO output  
In contrast to a primary deposit, REE resources that originate from secondary sources are not 
fixed, and their volume may change from year to year depending on the collection system and 
the recycling technology. The annual output from a recycling project consists of the REE stock 
in the preceding years, the REE stock increases in the current year, and the End-of-Life (EOL) 
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recycling rate, which is determined by two main factors: the scrap collection rate and the 
recycling process efficiency rate (also called the recovery rate) (Graedel et al., 2011). 𝐸(𝑋𝑡
𝑐) 
denotes the output of REEs from the recycling project in year t, and this cannot exceed the 
recycling capacity Ζ. In mathematical form, the output is then described as:   
𝐸(𝑋𝑡
𝑐)  = 𝑀𝑖𝑛[(𝑀𝑡−1 + Δ𝑡) ⋅ 𝑤𝑡 ⋅ 𝑅𝑡
𝑐 − 𝑋𝑡−1
𝑐  , Ζ]                                 (5.30) 
where 
𝐸(𝑋𝑡
𝑐)  Recycled REEs in year 𝑡, 
𝑀𝑡−1   REE volume in stock in year 𝑡 − 1, 
Δ𝑡  Increase in REE volume in stock in year 𝑡, 
𝑤𝑡  Collection rate in year 𝑡 
𝑅𝑡
𝑐  Recovery rate in year 𝑡 
𝑋𝑡−1
𝑐   Recycled REEs in year 𝑡 − 1, 
Ζ   Recycling capacity in year 𝑡 
Based on the study of Binneman at el. (2013) and starting from the calculated in-use stocks of 
REEs in 2007, the expected REE stocks in 2020 and the recycling volume of REEs are 
estimated to be roughly 20,000 tonnes in 2020 (Table 71). An average of 1,538.46 tonnes of 
REEs is calculated to be in stock. It can be assumed that the annual increase in REE stock will 
continue from 2021 to 2024. The REE volume in stock in year 2020 is then: 𝑀2020 = 20,000 
tonnes, and the REE stocks increase from year 2021 to 2024 is Δ𝑡 = 1,538.46 tonnes. 
Table 71: Recycling potentials for REEs from magnets 
Estimated REE 
stock in 2020 
(tonnes) 
Estimated REE 
scrap in 2020 
(tonnes) 
Pessimistic scenario: Optimistic scenario: 
Collection 
rate 
Recycling 
rate 
Collection 
rate 
Recycling 
rate 
300,000 20,000 30 % 55 % 60 % 55 % 
Source: Du and Graedel, 2011 
Subsequently, the MC simulation method is used to estimate the collection rate based on the 
assumptions of Binneman at el. (2013). The collection rate then ranges between 30 % and 60 %.  
The recycling of REEs is difficult due to the complex composition of EOL magnets. According 
to the study of UNEP (Reuter et al., 2013), only 1 % REEs is currently recovered. Various 
methods have been reported in the past for recovering neodymium and other REEs from 
magnets. However, an industrial scale recycling process is not currently available. It can be 
assumed that the recycling rate in 2020 will be significantly higher than the current 1 %. 
- 226 - 
 
However, due to the uncertainty surrounding the development of recycling technologies, the 
recycling rate is assumed to range between 30 % and 55 % (Table 72).  
Table 72: Assumption for the estimation of the recycling potential of REEs from magnets for 
Monte Carlo simulation 
REE Volume Distribution type Minimum Maximum 
Collection rate  Uniform 30 % 60 % 
Recycling rate (optimistic 
case) 
Uniform 30 % 55 % 
Source: Prepared by the author 
The collection rate and the recycling rate are then estimated by MC simulation as: 𝑤𝑡 =  0.45 
and 𝑅𝑡
𝑐 = 0.425. It can be further assumed that the collection rate and the recycling rate remain 
stable from 2020 to 2027, and the processing capacity of the recycling plant 𝐸(𝑌) is 1,000 
tonnes / year. REE resources and the output volumes of the recycling project are described from 
2020 to 2027 in Table 73. 
Table 73: REE resources from magnetic scrap  
  2020 2021 2022 2023 2024 2025 2026 2027 
𝑀𝑡−1 20,000 20,000 15,263.95 10,527.90 5,791.85 1,055.80 0.00 0.00 
Δ𝑡  1,538.46 1,538.46 1,538.46 1,538.46 1,538.46 1,538.46 1,538.46 
(𝑀𝑡−1 + Δ𝑡)𝑤𝑅𝑡
𝑐  4,119.23 3,213.46 2,307.69 1,401.92 496.15 294.23 294.23 
Ζ  1,200.00 1,200.00 1,200.00 1,200.00 1,200.00 1,200.00 1,200.00 
𝑋𝑡−1
𝑐   1,200.00 1,200.00 1,200.00 1,200.00 496.15 294.23 294.23 
 Source: Prepared by the author 
 
Estimation of costs  
Development costs: In the very early development stage of REE recycling technologies, there 
is still no data available regarding either development costs or operating costs. In the recent 
study of Elewaut and Bastein (2013), 14 pilot plants aiming to recover materials from end-of-
life products are identified worldwide. Of these pilot plants, only 6 give an indication of the 
required development costs: 4 plants indicate an investment of between 5 and 20 million euro, 
with 2 plants requiring more than 50 million euro.  
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Based on the study of Elewaut and Bastein (2013), the development costs are estimated using 
MC simulation for this case study. A triangular distribution is used for the simulation, and the 
range of development costs are set as: [min: 5 million euro, ml: 20 million euro, max: 50 million 
euro].   
Operating costs: The value of the recycled material will need to be able to cover the costs for 
the whole process of collection and recycling, which include collection costs, magnetic scrap 
treatment costs, and REE separation costs. The average costs for separation, collection and 
treatment of waste electrical and electronic equipment (WEEE) in the EU in 2009 was about 
300 euro per tonne, including direct costs for the collection, transport and treatment as well as 
operational costs for monitoring and administration (Bakas et al. 2014). In 2012, Yunnan Dimao 
Rare Earth GmbH released a feasibility study for REE recycling from magnets, batteries and 
lamp phosphors (Dimao, 2012). An acid leaching process is used to dissolve the scrap, and a 
solvent extraction method is used for separating the individual REEs. This study estimated an 
annual recycling capacity of 2,000 tonnes and operating costs of 95,719.5 Yuan/tonne (equal to 
15,897.61 US$/tonne). Based on the average cost of WEEE recycling and the feasibility study 
of Dimao Rare Earth GmbH, it can be assumed that the approximate operating cost range is: 
[min: 10,000 US$/tonne, ml: 16,000 US$/tonne, max: 18,000 US$/tonne]. The range of 
development costs and the expected operating costs are provided in Table 74. 
Table 74: Assumption for estimation of costs of REE recycling for Monte Carlo simulation 
Costs type Distribution type Minimum Most likely Maximum 
Development costs 
(Million euro) 
Triangular 5 20 50  
Operating costs 
(US$ per tonne) 
Triangular 13,000 16,300 19,000 
Source: Prepared by the author 
After simulation, the development costs and operating costs are estimated as:  𝐷𝑡0 =
25 million euro = 28.22 million US$  and 𝑂𝐶𝑡 = 16,100 US$/tonne . The operating costs 
are assumed to be subject to an inflation rate of 2 % over the time period from 2021 to 2024. 
 
Estimation of future REE prices 
The MR model is then applied to REE recycling from permanent magnets. The typical 
composition of magnetic scrap is shown in Table 75 (see chapter 3.6).  
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Table 75: Typical composition of magnet scraps 
Elements Fe Nd B Pr Dy Co C N Others* 
Wt % 62 – 69 23 – 25 1 0.05 – 5 3.5 – 5 0 – 10 0 – 0.14 0 – 0.1 1 – 2 
*Others: Cu, Al, Ga, Si, Gd, Mo 
Source: Prakash, 2014 
Based on the composition of magnetic scrap, the weight fractions of Nd, Pr, and Dy in the total 
REE content of magnetic scrap are estimated as Nd: 78 %, Pr: 8 %, and Dy: 14 %.   
Subsequently, using equation (5.27), the TREO price is calculated by weighting the shares of 
each REO in the magnetic scrap. A TREO price path for the REE recycling project is shown in 
Figure 82. Due to the high content of Nd and Dy (which have relatively higher prices than other 
LREEs), the price path for the REE recycling project is closer to the price path for the IAC 
deposit.  
 
Figure 82: Average monthly price paths of LREO, HREO, and TREO weighted with the REE 
distributions of the Bayan Obo mine, the Kvanefjeld mine, an IAC deposit in China and the 
recycling project 
Source: Self-compiled based on the free-on-board (FOB) prices provided by Asian Metal and converted 
into US$. Prices refer to a minimum purity of 99%, and minimum purity of 99.999% for yttrium oxide 
The volatility of the TREO price is calculated with the MR model. The standard deviation of 
the monthly TREO price of the REE recycling project is obtained as: 𝜎 = 0.1376 . The 
volatility of the yearly price is then 𝜎𝑦𝑒𝑎𝑟 = 𝜎 ⋅ √12 = 0.1376 ⋅ √12 = 0.4768. The upside 
and downside changes for TREO prices have been estimated at 1.61 and 0.62, respectively, 
according to equations 5.21 and 5.22:   
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𝑢 = 𝑒𝜎√∆𝑡 = 1.61 
𝑑 = 𝑒−𝜎√∆𝑡 =
1
𝑢
= 0.62 
For 2014, the TREO price was estimated to be equal to 58,292.78 $/tonne. The binomial tree 
of the TREO price for the consecutive ten years up to 2024 yields the results as shown in Table 
76.  
Table 76: Binomial tree of the TREO price from 2014 to 2024 weighted by the content of REO in 
the recycling project ($/tonne) 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
58292.78 93903.00 151266.98 243673.79 392530.58 632321.83 1018598.10 1640844.94 2643213.39 4257914.22 6859012.43 
 36186.79 58292.78 93903.00 151266.98 243673.79 392530.58 632321.83 1018598.10 1640844.94 2643213.39 
  22463.91 36186.79 58292.78 93903.00 151266.98 243673.79 392530.58 632321.83 1018598.10 
   13945.07 22463.91 36186.79 58292.78 93903.00 151266.98 243673.79 392530.58 
    8656.77 13945.07 22463.91 36186.79 58292.78 93903.00 151266.98 
     5373.92 8656.77 13945.07 22463.91 36186.79 58292.78 
      3336.00 5373.92 8656.77 13945.07 22463.91 
       2070.91 3336.00 5373.92 8656.77 
        1285.57 2070.91 3336.00 
         798.05 1285.57 
          495.41 
Source: Prepared by the author 
 
6.3.2  Estimation of the real option value 
2014 is taken as the first year of development of the REE recycling project. As estimated above, 
the mean value of the development step is 7 years. The start-up of production is then 2021, i.e. 
no profit is generated until 2021. Assuming that the first project plan runs until 2024, the 
investor can decide to invest in the recycling project if the risk-related project’s value is greater 
than the initial development costs, i.e. if the option value is greater than zero. Analogue to the 
estimation for the Bayan Obo mine and the Kvanefjeld project, the binomial tree of cash-flows 
of the REE recycling project is then shown in Table 77.  
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Table 77: Binomial tree of the cash-flow of the REE recycling project from 2014 – 2024 (million 
US$) 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1949.69 3152.15 5089.40 8210.31 
 0.00 0.00 0.00 0.00 0.00 0.00 739.47 1202.61 1948.91 3151.35 
  0.00 0.00 0.00 0.00 0.00 273.09 451.33 738.69 1201.82 
   0.00 0.00 0.00 0.00 93.36 161.81 272.31 450.53 
    0.00 0.00 0.00 24.10 50.24 92.58 161.02 
     0.00 0.00 -2.59 7.25 23.32 49.45 
      0.00 -12.87 -9.32 -3.37 6.45 
       -16.83 -15.70 -13.65 -10.11 
        -18.16 -17.62 -16.50 
         -19.14 -18.96 
          -19.91 
Source: Prepared by the author 
It can be assumed the risk-free interest rate is 3 % and ∆𝑡 = 1. The risk-neutral probability of 
an increase is obtained by: 
𝑝 =
(1 + 𝑟𝑓∆𝑡) − 𝑑
𝑢 − 𝑑
=
(1 + 3%) − 0.64
1.55 − 0.64
= 41.3 % 
The risk-neutral probability of a decrease is then (1 − 𝑝) = 58.7 %.  
The cash-flows are gradually discounted back to 2014, and the option value of the REE 
recycling project is calculated with respect to the probability of success considering overall risk. 
𝐶 = 𝑚𝑎𝑥[𝑝𝑜𝑉𝑡0 − 𝐷𝑡0  , 0] 
Using a simulation method, the probability of success considering the overall risk is estimated 
at 96 %, and no time risk is found. The total probability of success is then: 𝑝𝑜 = 0.96. 
Three different investment options are assumed for the recycling project:  
(1) Base case: The value of REE production is found to be equal to 1,739.86 million US$ at 
time t = 0. Table 78 shows the binomial tree of the value of the REE recycling project from 
2014 to 2024.  
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Table 78: Real option valuation of cash-flow of the REE recycling project ($/tonne) from 2014 to 
2024 for the base case option 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
217.88 386.95 660.38 1101.97 1814.45 2963.35 4815.33 7799.89 9457.02 10178.99 8210.31 
 109.91 214.11 383.07 656.38 1097.84 1810.20 2958.98 3608.41 3898.02 3151.35 
  42.13 106.03 210.11 378.94 652.14 1093.47 1354.56 1477.57 1201.82 
   -0.73 38.13 101.91 205.86 374.57 486.01 544.81 450.53 
    -28.15 -4.85 33.88 97.53 151.31 185.36 161.02 
     -46.00 -32.39 -9.23 22.32 46.84 49.45 
      -57.93 -50.37 -27.38 -6.54 6.45 
       -66.22 -46.54 -27.11 -10.11 
        -53.92 -35.04 -16.50 
         -38.09 -18.96 
          -19.91 
Source: Prepared by the author 
Considering the probability of success, the option value of the REE recycling project is then: 
𝐶 = 𝑚𝑎𝑥[0.96 ∙ 217.88 − 28.22 , 0] = 𝑚𝑎𝑥[180.94 , 0] = 180.94  
The value of the REE recycling project is found to be equal to 180.94 million US$ at time t = 
0. The equivalent real option diagram is shown in Figure 83: 
 
Figure 83: Multi-dimensional binomial lattice for the REE recycling project in the base case 
Source: Prepared by the author 
(2) Option to abandon: In this case, the project is closed down when costs cannot be covered. 
The expected value of each node in the binomial tree is the maximum value of the discounted 
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cash-flow or zero. The value of a REE recycling project at each node in the binomial tree is 
shown in Table 79 and is calculated at 227.97 million US$, which is higher than the value 
without the option to close the operation. 
Table 79: Real option valuation of cash-flow of the REE recycling project ($/tonne) from 2014 to 
2024 with the option to close the project 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
227.97 391.68 661.86 1102.19 1814.45 2963.35 4815.33 7799.89 9457.02 10178.99 8210.31 
 124.30 221.37 385.49 656.77 1097.84 1810.20 2958.98 3608.41 3898.02 3151.35 
  62.27 117.06 214.09 379.63 652.14 1093.47 1354.56 1477.57 1201.82 
   26.85 54.70 108.42 207.07 374.57 486.01 544.81 450.53 
    8.60 19.64 44.47 99.66 151.31 185.36 161.02 
     1.27 3.16 7.87 26.05 46.84 49.45 
      0.00 0.00 0.00 0.00 6.45 
       0.00 0.00 0.00 0.00 
        0.00 0.00 0.00 
         0.00 0.00 
          0.00 
Source: Prepared by the author 
The option value of the REE recycling project is then obtained as:  
𝐶 = 𝑚𝑎𝑥[0.96 ∙ 227.97 − 28.22 , 0] = 𝑚𝑎𝑥[190.63 , 0] = 193.60 million US$. 
The equivalent real option diagram is shown in Figure 84: 
 
Figure 84: Multi-dimensional binomial lattice for the REE recycling project with the option of 
closure 
Source: Prepared by the author 
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(3) Option to abandon with closure costs: In this case, the project may be closed or wound 
up, but with a closure cost of 𝐾. The expected value of each node is the maximum value of the 
discounted cash-flow or closure cost: 
𝑉𝑡
𝑗 = 𝑚𝑎𝑥[𝐸𝑋𝑡(𝑆𝑡
∗ − 𝑂𝐶𝑡) , − 𝐾] 
It can be assumed that the closing costs for the recycling project are less than for the primary 
mining project. If the costs are equal to 5 million US$, then the value of REO production at 
each node in the binomial tree is shown in Table 80. 
Table 80: Real option valuation of cash-flow of the recycling project ($/tonne) from 2014 to 2024 
with the option of closure and closure cost 
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 
225.65 390.30 661.27 1102.02 1814.45 2963.35 4815.33 7799.89 9457.02 10178.99 8210.31 
 121.20 219.35 384.59 656.47 1097.84 1810.20 2958.98 3608.41 3898.02 3151.35 
  58.24 114.16 212.72 379.11 652.14 1093.47 1354.56 1477.57 1201.82 
   21.83 50.56 106.39 206.15 374.57 486.01 544.81 450.53 
    2.70 13.82 41.55 98.03 151.31 185.36 161.02 
     -5.00 -5.00 3.88 23.20 46.84 49.45 
      -5.00 -5.00 -5.00 -5.00 6.45 
       -5.00 -5.00 -5.00 -5.00 
        -5.00 -5.00 -5.00 
         -5.00 -5.00 
          -5.00 
Source: Prepared by the author 
The value of the REE recycling project is 225.25 million US$. The option value of REE 
recycling project is then:  
𝐶 = 𝑚𝑎𝑥[0.96 ∙ 225.65 − 28.22 , 0] = 𝑚𝑎𝑥[188.40 , 0] = 188.40 million US$. 
The equivalent real option diagram is shown in Figure 85: 
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Figure 85: Multi-dimensional binomial lattice for the REE recycling project with the option of 
closure and closure cost 
Source: Prepared by the author 
Figure 86 demonstrates the first option value with different lifetimes from 2014 to 2027. It can 
already be seen that in the first year of operation, the project yields a positive real option value. 
After the scrap stockpiled from 2007 to 2021 is processed in 2025, the real option value is 
reduced due to the existence of less stock for recycling.  
 
Figure 86: Option value of the REE recycling project with different lifetimes (2014 – 2027)  
Source: Prepared by the author 
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6.4.  Results and comparison of three REE projects 
In this chapter, the real option model is applied for assessment of three REE projects: the Bayan 
Obo mine, the Kvanefjeld REE project, and a REE recycling project. Various risks of these 
projects are assessed. Three different investment options during the project lifetime are assumed 
for each project: 
(1) Base case: No option for closing down the operation during its operating time;  
(2) Option to abandon: Close down the operation when the cash-flow is negative; 
(3) Option to abandon with closure costs: Close down the operation but with closure costs.  
Further, option values in different cases for the Bayan Obo mine and Kvanefjeld REE project 
are calculated: 1) an investment in an environmental protection plan for the Bayan Obo mine, 
and 2) the assumption of a longer production permit. Results of the estimation are summarised 
in Table 81:  
Table 81: Results of the estimation of option values for the three case studies 
 Options Production 
value (Mio 
US$) 
Real 
Option 
value 
Total 
probability 
of success 
Price 
volatility 
Development 
costs 
Development 
duration 
Bayan Obo mine 
without 
environmental 
protection plan 
(EPP) 
Option 1 1768.97 406.86 0.23 0.4264 0 0 
Option 2 1946.85 447.78 
Option 3 1942.49 446.77 
Bayan Obo with 
environmental 
protection plan 
(EPP) 
Option 1 1564.29 814,83 0.60 0.4264 -1,500 0 
Option 2 1791.64 951.24 
Option 3 1790.85 950.77 
Kvanefjeld with 
production 
permit until 2024 
Option 1 1417.02 -288.16 0.603 0.4392 -1,360 9 
Option 2 1764.43 -78.67 
Option 3 1759.44 -81.68 
Kvanefjeld with 
production 
permit until 2027 
Option 1 2143.59 214.28 0.603 0.4392 -1,360 9 
Option 2 2685.10 540.80 
Option 3 2679.92 537.68 
Recycling 
project 
Option 1 217.88 180.94 0.96 0.4768 -28.22 7 
Option 2 227.97 190.63 
Option 3 225.65 188.40 
Source: Elaborated by the author 
- 236 - 
 
Bayan Obo is an active mine, and has already been in operation for more than 50 years. The 
processing and separation technology is advanced, and the recovery rate of REEs is relatively 
high. Bayan Obo yields the highest value compare with the Kvanefjeld REE project and the 
REE recycling project. However, the environmental risk is relatively high. If the investor needs 
to pay a fine or reparations for environmental damage, the real option value of all three options 
is very low. It is assumed that the producer intends to increase the budget to include an 
environmental protection plan. This leads to an increase in both the investment cost and 
operating costs. However, the probability of success considering environmental risk is increased. 
As a result, the real option value increases and the investor benefits from the investment.  
Kvanefjeld is the largest REE deposit in Europe. Its development is carried out under extreme 
climatic and geographical conditions. The REE processing technology is still in the testing 
phase, and is not yet viable on an industrial scale. The construction of power and port systems 
represents a specific challenge. The risks with respect to the technology and investment costs 
are relatively high. With a production permit until 2024, the Kvanefjeld project yields negative 
real option values for all three options. If the project lifetime can be extended until 2027, the 
initial development costs will be covered. This only happens, however, with the inclusion of 
the option to abandon the project if the cash flow is negative during the project life time 
(Options 2 and 3).  
In comparison with the two primary mining projects above, the recycling project represents the 
lowest political risk, environmental risk and social risk. The TREO price path for recycling is 
higher than for either the Bayan Obo mine or the Kvanefjeld project. A collection rate ranging 
between 30 – 60 % and a recycling rate ranging between 30 – 50 % were used for the valuation. 
The project already yields a positive real option value in the first year of production.   
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Chapter 7 Conclusion and outlook  
7.1. Conclusion 
The main research aim of this thesis is to establish a model for the evaluation of REE projects 
and to provide a basis for investment decision making. In order to complete this task, an analysis 
of REE deposits and REE supply chains is provided.  
This thesis provides a description of REE mineralogy, REE deposits and the distribution of REE 
occurrences. A new database on advanced REE mines, deposits and occurrences has been 
compiled. This database provides comprehensive information about more than 240 REE 
deposits according to their characteristics: deposit type, location information, information about 
tonnages and grades, volume of reserve/resource (probable, proven, measured, indicated), 
average grade of reserve/resource, geochronology, geological age of the deposits, proportion of 
HREEs & LREEs, production information (produced volume), and development status. In the 
new REE deposit database, world REE resources are estimated at 479 Mt. They are classified 
into the following deposit types: carbonatites, carbonatite laterites, alkaline igneous complexes, 
hydrothermal veins, iron oxide-copper-gold deposits (IOCG), apatite-iron deposits (AID), 
black-shales, placers, paleoplacers, and ion adsorption clays (IACs). Further, a distribution 
analysis of the REE resources according to the REE deposit type, deposit size and geological 
age of the deposit is provided. An ‘average’ REE deposit contains 2.91 Mt of REO, ‘large’ 
deposits with more than 20.3 Mt of REO are very few, and only one ‘super-large’ deposit exists, 
with an REO content of more than 37.85 Mt. The most important source of REEs are 
carbonatite-associated deposits, including carbonatite lateritic deposits. Carbonatite makes up 
72.44 % of global REE resources. The most important source of HREEs are the ion-adsorption 
clays (IACs). These deposits have the smallest size and the lowest average grade, but relatively 
high proportions of HREEs/LREEs. According to the World Governance Index (WGI), most 
REE resources (49.88 %) are located in fragile stable countries (moderate stability). 20 % are 
located in low-political-risk countries, and around 15 % are located in stable countries. 15 % 
are located in high-risk countries. None of the resources in unstable countries are considered as 
potential mining projects.  
This thesis deals with the supply chain for REEs, which consists of mining, beneficiation, 
decomposition, separation processes, application and recycling. An overview of the current 
production methods in each step and their environmental impacts is provided. The explicit 
mining and processing methods of the major hard rock rare earth deposit, the Bayan Obo deposit 
in China, placer deposits in India, and ion adsorption clay deposits in South China are addressed. 
The supply chain of REEs begins with mining. There are three mining methods to extract REE-
bearing deposits: surface mining (open pit mining), underground mining and in-situ leaching 
(ISL), which is also called solution mining. Hard rock REE ores are usually mined by 
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conventional open pit methods, which typically involve removing the overburden, blasting, 
excavation and milling. Placer deposits are usually mined by either dry land mining or by 
dredging technologies. Ion adsorption deposits in southern China are mined using the ISL 
method. After mining, the ores are processed to produce a concentrate with high REE contents. 
Using flotation methods, about a 60 – 70 % REO concentrate can be obtained. Finally, the 
concentrate will be separated into individual oxides and further refined into metals. Separation 
processes include fractional crystallisation and precipitation, solvent extraction, ion exchange, 
and reduction. The separation of the individual REEs is very difficult and requires specific 
technology. The value of individual REEs depends on their purities after separation from the 
REE concentrates. At present, most of the core REE separation and refining operations are 
undertaken in China.  
After refining, REEs are used in many products and product components. Although they are 
often used in very small quantities, they are essential in many technologies. They are 
predominantly used in catalysts, glass and polishing, phosphors, permanent magnets for motors 
and power generators, and rechargeable batteries for hybrid and electric vehicles. REEs are also 
important in defence applications. Different REEs are used in different applications. For 
example, Ce is used in catalytic converters in cars to transform the pollutants into non-toxic 
components. Nd and Dy are important components of permanent magnets. Eu and Y are used 
in several phosphors for colour televisions and flat panel displays. Depending on the application, 
market demand for REEs differ over time. Currently, the REE market is driven by the demand 
for neodymium and dysprosium for permanent magnets.  
There are many environmental issues associated with REE production processes. One of the 
most significant environmental concerns is the association of most REE deposits with 
significant concentrations of radioactive elements: namely uranium and thorium. During the 
extraction, separation and refining processes, a large number of chemicals are applied, leading 
to toxic discharges into air and water if there is a lack of environmental control. Moreover, a 
considerable amount of fossil fuel-based energy is used, which increases carbon dioxides 
emissions. Since 1999, China, as both the biggest producer and the biggest consumer, has 
dominated the REE market. In 2010, China restricted the production and export of REEs. Many 
special policies were launched to regulate rare earth element mining and production.  
Considering the shortage of the supply for REEs, especially HREEs, and the environmental 
risks related to the production of REEs, it is essential to establish a recycling process and a 
regular collection and recycling infrastructure. The largest rare earth recycling potential is 
related to final products containing high levels of REEs, for instance, fluorescent lamps, 
magnets, car batteries and catalytic converters. According to a publication of the UNEP from 
2013, only a small amount of magnetic scrap containing Nd, Pr and Dy and Y from laser and 
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garnet is currently being recycled (Reuter et al., 2013). However, it should be noted that many 
countries and companies are in the process of developing recycling technologies. 
The development of a new REE mine is a subject of high risk and requires years of planning. 
Many risk factors have an impact on the success of the project, such as political risks, geological 
and production risks, and environmental and social risks. An investor may respond to these 
risks through the development of various options as the REE project proceeds. To provide a 
basis for the investor to make decisions, the real options model is applied for the assessment of 
a REE project. In contrast to common metals, there are many challenges to apply this approach 
to a REE project, such as: 1) the technical feasibility is essential for the success of the REE 
project; 2) the development phase is long-lasting and risks vary as it continues; 3) there is no 
transparent market for REE products and only limited data about production volumes and prices 
are available. Hence, a real options model in a multi-dimensional binomial lattice (MDBL-
model) has been developed for estimating the value of an investment option. A discrete-time 
binomial process has been used. Working backward in the option tree, decision-makers can 
trace the equilibrium project values during the project life time. The MDBL model provides a 
method for assessing various risks of a REE project from the development stage to market. It 
incorporates the market price of each individual REO and uses limited production data to 
capture volume uncertainty. The project-related risk factors are classified into overall risk, time-
related risk, REE volume-related risk, and cost risk. Due to the lack of statistical data, these 
risks have been estimated using a Monte Caro simulation with triangular and uniform 
distributions. Lower and upper boundaries for the probability distribution of each input 
parameter have been set based on the subjective assumption according to existing production 
data and analysis. The fluctuation of REE prices is captured by a Mean Reverting method. The 
MDBL model also allows the investor to assess different options during the operation and to 
ascertain how uncertainty changes. Three different investment options during the project 
lifetime are assumed for each project: 
(1) Base case: No option of closing down the mine during the operating time;  
(2) Option to abandon: Close down the mine when the cash-flow is negative; 
(3) Option to abandon with closure costs: Close down the mine but with closure costs.  
This real option model has been applied for the evaluation of the Bayan Obo mine, the 
Kvanefjeld REE project, and a REE recycling project. The Bayan Obo is an active mine and 
has operated for more than 50 years. The technology is advanced, and it is assumed that there 
are also no new investment costs. However, the environmental performance in Baotou is 
relatively low. A negative environmental impact can also cause additional costs. A scenario is 
assumed in which the current producer intends to invest into an environmental protection plan 
(EPP). The result of the estimation using the real options model has shown that despite the 
increase in investment costs and operation costs, the real option value with the EPP is higher 
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than without an EPP. The Kvanefjeld REE project is still in the development stage. The 
development duration of this project could take many more years. Due to the extreme climatic 
and geological conditions, the construction of power and port systems could be a challenge. 
The processing method for the Kvanefjeld ore is still at the laboratory stage: an industrial-scale 
plant is not yet available, and the technology risk is relatively high. The project yields a negative 
value with three investment options, as the permit duration is only until 2024. Since the 
extension of the exploration permit allows more production, the option values will become 
positive. The REE recycling project from magnet scrap is still in the planning stage. The start-
up can be expected in 2020. Currently, the end-of-life recycling rate for REEs is still very low 
(< 1 %). We have assumed a range for the collection rate of between 30 % and 60 %, and for 
the recycling rate of between 30 % and 55 %, the project yields a positive real option value with 
all three options. Due to the increased use of REEs in permanent magnets, it can be expected 
that the volume of REE recycling stock will increase in future. If the recycling technology were 
to be improved, REEs from secondary sources could count as an important source.  
 
7.2. Outlook 
In the real options model, “wait-and-see” flexibility is an important option in the evaluation of 
the investment opportunities under conditions of uncertainty. By delaying an investment 
decision, new information can be revealed that might affect the desirability of the investment, 
while the investor has the option to discontinue the project if market conditions turn out to be 
unfavourable. However, the waiting-and-see strategy may involve serious disadvantages. For 
example, the investor could lose early operating opportunities or miss out on a competitive first-
mover advantage if the investment is delayed. The global REE market is evincing intense 
interest from various market players because of the growth prospects and the strategy to satisfy 
the supply shortage. Despite a broad scope of applications and growing demand, the supply of 
REEs is geographically concentrated in a few countries. China has a near-monopoly position. 
Some REEs, especially HREEs are in short supply. Many industrialised countries such as the 
US, Japan and EU countries identified REEs, and particularly HREEs as “critical metals” due 
to their high risks of supply shortage and high (potential negative) impacts on the economy. 
Many countries have begun to search for alternative REE sources. More and more REE end-
users have launched strategic initiatives to ensure medium- and long-term REE supplies. They 
are linking up with REE projects through partnerships, joint ventures or investments. Currently, 
nearly 200 new REE deposits are in different stages of development. Early investment may 
result in strategic benefits. Firms can also build a co-operation to achieve more growth. These 
benefits and the resulting implications for competitive strategy can be captured with the help of 
basic game theory principles in combination with option evaluation. This combination can be a 
valuable tool for analysis as part of overall corporate strategy.  
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The investor can have the opportunity to invest in not only one REE project, but to diversify 
the total risk by investing in different projects. It is possible to apply portfolio theory to combine 
different projects with different risk factors. The objective of this theory is to find the balance 
between maximising returns and minimising risk, leading to the effective allocation of assets.  
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Appendix 
Appendix 1 Major REE deposit types 
Deposit type Brief description Typical grades and tonnage Major examples 
Primary deposits 
Carbonatite-associated Deposits associated with carbonate-rich 
igneous rocks associated with alkaline 
igneous provinces and zones of major 
faulting 
A few 10s of thousands of tonnes to several 
hundred million tonnes, 0.1 – 10 % REO 
Mountain Pass, USA;  
Bayan Obo, China;  
Okorusu, Namibia; 
Amba Dongar, India; 
Barra do Itapirapua, Brazil; 
Associated with 
alkaline igneous rocks 
Deposits associated with igneous rocks 
characterised by abundant alkaline 
minerals and enrichment in high field-
strength elements (HFSEs) 
Typically < 100 million tonnes (Lovozero > 
1000 million tonnes), grade variable, 
typically < 5 % REO, e.g. Thor Lake: 64.2 
million tonnes at 1.96 % REO 
Ilimaussaq, Greenland; Khibina and 
Lovozero, Russia; 
Thor Lake and Strange Lake, Canada; 
Brockman, Australia; 
Pajarito Mountain, USA  
Hydrothermal vein 
deposits  
Typically quartz, fluorite, polymetallic 
veins and pegmatites of diverse origin 
Typically < 1 million tonnes, rarely up to 
50 million tonnes, grade variable, typically 
0.5 % - 4.0 %, rarely up to 12 % REO, e.g. 
Lemhi Pass: 39 million tonnes at 0.51 % 
REO 
Karonge, Burundi; 
Naboomspruit and Steenkampskraal, 
South Africa;  
Lemhi Pass and Snowbird and Bear 
Lodge, USA; 
Hoidas Lake, Canada 
Iron-REE deposits 
(iron oxide-copper- 
gold deposits) 
Copper-gold deposits rich in iron oxide 
and diverse in character and form 
E.g. Olympic Dam: 2000 million tonnes at 
0.5 % REO 
Olympic Dam, Australia;  
Pea Ridge, USA 
 
II 
 
Apatite-iron deposits 
(AID) 
Iron ore of the Kiruna type occurring in 
volcanic rocks or iron ores connected 
with deuteric processes and /or related to 
intrusive rocks  
The REE content in these Kiruna apatite-
magnetite ores is about 2,000 – 7,000 ppm 
Apatite-magnetite ores at Kiruna, 
Sweden; Apatite-iron ores in Posht-e-
Badam Block in central Iran; Apatite-
rich iron deposits of the Avnik region, 
south-eastern Turkey  
Black shales A variety of sediments and sedimentary 
rocks linked directly or indirectly to 
high organic activity and the cycling of 
biogeochemical elements, most notably 
carbon, nitrogen, phosphorous, sulphur, 
heavy metals  
REE and uranium in black shale are 
particularly enriched within phosphate-
enriched black shale sections 
Buckton deposit in Alberta, Canada: The 
indicated resources were estimated at 
4.5 billion tonnes at 0.01 % REO 
Secondary deposits 
Placers  Concentration of resistant, heavy 
minerals, subdivided into marine 
placers, alluvial placers, paleoplacers, 
concentrated by coastal processes and 
found along or close to existing 
coastlines  
Highly variable tonnage, commonly in the 
order of 10s of millions up to 300 million 
tonnes, generally < 0.1 % monazite 
Green Cove Springs, USA;  
Richards Bay, South Africa;  
Perak, Malaysia; 
Chavara, India; 
Guangdong, China; 
Elliot Lake, Canada 
Lateritic deposits Residual surface deposits formed from 
intense chemical weathering of REE-
enriched igneous rocks 
A few 10s of thousands of tonnes to several 
hundred million tonnes, 0.1 – 10% REO 
e.g. Mt Weld: 12.24 million tonnes at 9.7 % 
REO (up to 40 % REO) 
Mount Weld, Australia; 
Araxa, Brazil; 
Kangankunde, Malawi 
Ion-adsorption clays Residual clay deposits formed from the 
weathering of REE-enriched granites 
Mostly < 10,000 tonnes, low-grade (0.03 –
0.35 % REO) 
Longnan, Jiangxue, China; 
Xunwu, Jiangxue, China 
Source: Compiled by author according to Walters and Lusty (2010), Orris and Grauch (2002), Frietsch and Perdahl, (1995) 
III 
 
Appendix 2 Demand for individual REEs 
Sector Applications Principal REE used (tonne REO) Demand 
(tonne 
REO) 
Market 
share 
La Ce Pr Nd Sa Eu Ga Te Dy Er Y Ho, Tm, 
Yb, Lu 
Magnets Motors, power 
generation, disc 
drives, automotive 
parts microphones 
and speakers, 
communication 
systems, electric 
drive, magnetic 
refrigeration 
  
3,600 17,640 500 
 
360 70 835 
   
23,005 20 % 
Batteries Hydrogen storage, 
NiMH batteries,  
8,185 1,275 
          
9,460 8 % 
Other 
metallurgy 
steel, iron super-
alloy, aluminium/ 
magnesium alloy 
3,085 8,490 195 480 
  
290 
     
12,540 11 % 
Fluid 
cracking 
catalysts 
Catalytic converter, 
chemical processing, 
13,950 800 
          
14,750 13 % 
IV 
 
Auto-
catalysts 
diesel additives, 
petroleum refining 
450 5,965 
 
340 
        
6,755 6 % 
Other 
catalysts 
 
1250 
          
1,250 1 % 
Polishing Polishing 
compounds, 
470 16,375 105 55 
        
17,005 15 % 
Glass Optical glass, UV 
resistant glass, 
thermal control 
mirrors, colourisors 
1,600 5,500 
 
260 
     
390 
  
7,750 7 % 
Phosphors Display phosphors, 
medical imaging, 
lasers, fibre optics, 
flurescent lighting, 
optical sensors, 
pigments, LEDs 
455 16,90 570 185 
 
410 230 205 
 
135 6,020 
 
9,900 9 % 
Ceramics Capacitors, sensors, 
colourants, 
scintillators 
365 365 365 895 
      
1600 
 
3,590 3 % 
Other  Water treatment, 
fertilizer, medical 
2,930 3,815 110 75 15 15 140 15 15 15 30 75 7,250 6 % 
V 
 
tracers, coating, 
nuclear reactors 
Total  31,490 45,525 4,945 19,930 515 425 1,020 290 850 540 7,650 75 113,255 100 % 
Market 
share of 
individual 
REEs 
 28 % 40 % 4 % 18 % 0 % 0 % 1 % 0 % 1 % 0 % 7 % 0 % 100 %  
Source: Compiled by author according to Wall, 2013; EU Commission, 2015 
 
  
VI 
 
Appendix 3: Study accuracy ranges for capital and operating cost estimates  
Capital Cost Category Scoping Study Prefeasibility Study Feasibility Study 
Basis of Estimate to include the following 
areas:  
Civil/structural, architectural, piping/HVAC, 
electrical, instrumentation, construction 
labour, construction labour productivity, 
material volumes/amounts, material/ 
equipment, pricing, infrastructure 
Order-of-magnitude, based on 
historic data or factoring. 
Engineering < 5 % complete. 
Estimated from historic factors or 
percentages and vendor quotes 
based on material volumes. 
Engineering at 5 – 15 % complete. 
Detailed from engineering at 15 % 
to 25 % complete, estimated 
material take-off quantities, and 
multiple vendor quotations. 
Contractors Included in unit cost or as a 
percentage of total cost 
Percentage of direct cost by area for 
contractors; historic for 
subcontractors 
Witten quotes from contractor and 
subcontractors 
Engineering, procurement, and construction 
management (EPCM) 
Percentage of estimated 
construction cost 
Percentage of detailed construction 
cost 
Calculated estimated from EPCM 
Pricing FOB mine site, including taxes and 
duties 
FOB mine site, including taxes and 
duties 
FOB mine site, including taxes and 
duties 
Owner’s costs Historic estimate Estimate from experience, factored 
from similar project 
Estimate prepared from detailed 
zero-based budget 
Environmental compliance Factored from historic estimate Estimate from experience, factored 
from similar project 
Estimate prepared from detailed 
zero-based budget for design 
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engineering and specific permit 
requirements 
Escalation Not considered  Based on entity’s current budget 
percentage  
Based on cost area with risk 
Accuracy Range ± 50 % ± 25 % ± 15 % 
Contingency Range (Allowance for items not 
specified in scope that will be needed) 
± 25 % ± 15 % ± 10 % (actual to be determined 
based on risk analysis) 
Operating Cost Category Scoping Study Prefeasibility Study Feasibility Study 
Basis Order-of-magnitude estimate Quantified estimates with some 
factoring  
Describes the basis of the estimate; 
detailed from zero-based budget; 
mining factoring 
Operating quantities  General  Specific estimates with some 
factoring 
Detailed estimates 
Unit costs Based on historic data for factoring Estimates for labour, power, and 
consumables, some factoring 
Letter quotes from vendors; 
minimal factoring 
Accuracy Range ± 50 % ± 25 % ± 15 % 
Contingency Range (Allowance for items not 
specified in scope that will be needed) 
± 25 % ± 15 % ± 10 % (actual to be determined 
based on risk analysis) 
Source: Nelson, SME Mining engineering handbook, 2011  
VIII 
 
Appendix 4: Standard of clean production of rare earth in China 
 Production process technology levels I technology levels II technology levels III 
Baotou mixed ore (acid method) 
P
ro
du
ct
io
n 
te
ch
no
lo
gy
  
Sulphuric acid cachinnating Using continuous rotary kiln with unit capacity ≥ 5000 tonnes of REO carbonate 
per year 
Using discontinuous rotary kiln 
with unit capacity < 5000 tonnes 
of REO carbonate per year 
Leaching (to convert the 
REE carbonate to REE 
chloride) 
Extraction with P507 and P204 Decompose with NaOH, dissolve 
in hydrochloric acid 
Separation technology  Using non saponified extractant/Ca, Mg saponified extractant, fuzzy linkage 
extraction technology 
Using Na saponified extractant  
Precipitation NaHCO3/Na2CO3 precipitation Oxalic acid precipitation  NaHCO3 precipitation  
R
ec
ov
er
y 
ra
te
s Recovery rate of mixed 
REO from carbonate  
≥ 93 % ≥ 92 % ≥ 90 % 
Recovery rate of REO from 
mixed REO 
≥ 97 % ≥ 96 % ≥ 95 % 
Baotou mixed ore (alkaline method) 
P
ro
du
ct
io
n 
te
ch
no
lo
gy
  Acid treatment method  The bastnäsite concentrate is leached with hydrochloric acid to remove calcium and decomposed with NaOH, the 
converted RE hydroxides are further dissolved in hydrochloric acid to obtain rare earth chloride 
Separation technology  Using non saponified extractant/Ca, My saponified extractant, fuzzy linkage 
extraction technology 
Using Na saponified extractant  
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Precipitation NaHCO3/Na2CO3 precipitation Oxalic acid precipitation  NaHCO3 precipitation  
R
ec
ov
er
y 
ra
te
s Recovery rate of mixed 
REO from carbonate  
≥ 93 % ≥ 92 % ≥ 90 % 
Recovery rate of REO from 
mixed REO 
≥ 97 % ≥ 96 % ≥ 95 % 
Sichuan bastnäsite ore (acid method) 
P
ro
du
ct
io
n 
te
ch
no
lo
gy
  Oxidation roasting – 
leaching  
Using continuous rotary kiln with unit capacity ≥ 5000 tonnes of REO carbonate 
per year 
Using discontinuous rotary kiln 
with unit capacity < 5000 tonnes 
of REO carbonate per year 
Separation technology  Using non saponified extractant/Ca, My saponified extractant, fuzzy linkage 
extraction technology 
Using Na saponified extractant  
Precipitation NaHCO3/Na2CO3 precipitation Oxalic acid precipitation  NaHCO3 precipitation  
R
ec
ov
er
y 
ra
te
s Recovery rate of mixed 
REO from carbonate  
≥ 93 % ≥ 92 % ≥ 90 % 
Recovery rate of REO from 
mixed REO 
≥ 97 % ≥ 96 % ≥ 95 % 
Ion-adsorption ore 
P
ro
du
ct
io
n 
te
ch
no
lo
gy
  Solvent extraction  Using non saponified extractant/Ca, My saponified extractant, fuzzy linkage 
extraction technology 
Using Na saponified extractant  
Stripping  The acid used in extraction is recovered for reusing  
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Precipitation LREE are precipitated by using NaHCO3/Na2CO3 
HREE are precipitated by using oxalic acid 
LREE are precipitated by using 
(NH4)HCO3 
HREE are precipitated by using 
oxalic acid 
R
ec
ov
er
y 
ra
te
s Recovery rate of mixed 
REO from carbonate  
≥ 93 % ≥ 92 % ≥ 90 % 
Recovery rate of REO from 
mixed REO 
≥ 97 % ≥ 96 % ≥ 95 % 
Note: This standard system set up various requirements of clean production in REE smelting and separating sectors. The requirements cover five 
categories: 1) the production technology and equipment, 2) materials and energy consumption, 3) resource utilization, 4) product quality standard 
and 5) clean production management. The recovery rate of each decomposition and separation process has been set according to deposit type and 
for three different technology levels I, II, and III. 
Source: National Development and reform Commission of China (NDRC), 2015.
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Appendix 5: Autoregressive process of mean reversion model 
The MR process can be also defined as the following Autoregressive process in a time discrete 
term: 
𝑥𝑡 − 𝑥𝑡−1 = ?̅?(1 − 𝑒
𝜂) + (𝑒−𝜂 − 1)𝑥𝑡−1 + 𝜀𝑡                                     (1)  
⇒ 𝑥𝑡 = ?̅?(1 − 𝑒
𝜂) + 𝑒−𝜂𝑥𝑡−1 + 𝜀𝑡                                                 (2)  
Where 𝜀𝑡 is a stochastic process of mean zero and variance 𝜎𝑡 with 𝜀𝑡 ∼ 𝑁(0, 𝜎𝜀
2) 
Equation (2) can be written as: 
𝑥𝑡 = 𝑎 + ?̃?𝑥𝑡−1 + 𝜀𝑡                                                                      (3) 
with 𝑎 = (1 − 𝑒−𝜂)?̅? and ?̃? = 𝑒−𝜂, 
The mean reversion speed and the long term average are then written as: 
𝜂 = −𝑙𝑜𝑔?̃?                                                                                     (4) 
?̅? =
𝑎
1 − ?̃?
                                                                                      (5) 
The expected value and variance of the MR process are obtained by (Dixit and Pindyck, 1994): 
𝐸[𝑥𝑡] = ?̅? + (𝑥0 − ?̅?)𝑒
−𝜂𝑡                                                                (6) 
𝜎2 =
𝜎𝜀
22𝜂
(1 − 𝑒−2𝜂)
                                                                           (7) 
 
The estimation of the volatility of REO prices is carried out by using the program R. Results of 
the estimation is provide in Table 82. The code of the programming using R is given in Figure 
87. 
Table 82: Results of estimation of volatility of REO prices 
 𝑎 ?̃? 𝜎𝜀
2 𝜎 𝜎𝑦𝑒𝑎𝑟 ?̅? 𝜂∗ 
Bayan Obo  0.2117 0.9821 0.0149 0.1231 0.4264 11.883 0.018 
Kvanefjeld 0.2154 0.9820 0.0157 0.1265 0.4382 11.934 0.018 
IAC 0.3262 0.9750 0.0228 0.1528 0.5293 13.071 0.025 
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Figure 87: Code of programming using R for estimation of volatility of REO prices 
Tab1=read.csv(file="Kvanefeld.csv",header=FALSE,dec=".",sep=";") 
Tab2=log(Tab1) 
RE=ts(Tab2[,1]) 
plot(RE) 
RE.ols=ar(RE,aic=FALSE,order.max=1,demean=TRUE,method="ols") 
RE.ols 
b=RE.ols$ar[1] 
a=RE.ols$x.intercept+RE.ols$x.mean*(1-b) 
s2e=RE.ols$var.pred[1] 
a 
b 
s2e 
sigst=sqrt(2*s2e*log(b)/(b^2-1)) 
sigst 
etast=-log(b) 
etast 
xbar=a/(1-b) 
xbar 
 
